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Resumo

Polimeros sdo amplamente utilizados em diversos setores do mercado em variadas
aplicagdes e o conhecimento de suas propriedades permite a geracdo de materiais funcionais
mais otimizados. O POEGMA, poli[metacrilato de (oligoetileno glicol) metil éter], ¢ um
copolimero randomico do tipo graft que € biocompativel e apresenta transi¢do de fase em uma
temperatura critica inferior, podendo formar micelas ou agregados macroscopicos. Esta
propriedade ¢ dependente de sua arquitetura molecular, constituida por um esqueleto
hidrofobico e cadeias laterais hidrofilicas de 6xido de etileno (EO). Neste trabalho, copolimeros
POEGMA foram sintetizados utilizando-se polimerizagdo radicalar por desativacdo reversivel
variando-se o comprimento ¢ a quantidade da cadeia lateral enxertada no esqueleto. Os
copolimeros foram caracterizados por cromatografia de permeacdo em gel (GPC) e ressonancia
magnética nuclear (RMN) e o seu comportamento em solu¢ao aquosa em fun¢ao da temperatura
foi avaliado pelas técnicas espalhamento de luz dindmico (DLS), turbidimetria,
microcalorimetria de varredura (HSDSC), espalhamento de raios-X a baixo angulo (SAXS) e
espectrofotometria no UV-vis. A quantidade de grupos EO presentes no copolimero afeta a
temperatura de transicdo de fases, enquanto o comprimento das cadeias laterais induz as
diferentes estruturas formadas acima da temperatura critica.

A celulose nanocristalina (CNC) ¢ um material composto por particulas de
dimensdo nanométrica obtidas de plantas ou microorganismos e com potencial para reduzir a
quantidade de produtos derivados do petroleo. O enxerto de copolimeros POEGMA na sua
superficie possibilita a formacao reversivel de hidrogéis responsivos a temperatura e/ou a
presenca de ions. Neste estudo, foram preparados materiais de CNC enxertado com POEGMA
de diferentes composigdes através de uma reacao em meio aquoso € em temperatura ambiente.
Os produtos obtidos foram caracterizados por microscopia eletronica de transmissao e de forga
atdmica (AFM), espectroscopia no infravermelho com transformada de Fourier (FT-IR), andlise
termogravimétrica (TGA), espectroscopia de fotoelétrons excitados por raios-X (XPS), e
HSDSC. O comportamento térmico e a formagdo de hidrogéis foram determinados por
turbidimetria, reologia, andlise termomecanica e microtomografia de raios-X. Apesar da
comprovagdo de enxerto do copolimero na superficie da CNC, a sua quantificacdo ndo foi
possivel pelas metodologias habituais, e os resultados de microcalorimetria abriram uma nova
possibilidade para estimar a quantidade de copolimero POEGMA enxertado na superficie das

nanoparticulas. A adic¢do de eletrélitos e/ou o aumento da temperatura induz de forma reversivel



a formagao de hidrogel. Além disso, a CNC melhora as propriedades mecanicas do hidrogel e
diminui a quantidade necessaria de polimero para formar gel.

Outra maneira de formacgdo de hidrogéis foi inicialmente explorada através da
reticulagdo supramolecular por meio da inclusdo da cadeia de oligoetileno glicol no macrociclo
da a-ciclodextrina. Este tipo de reticulagdo fisica ¢ também reversivel e pode ser refeita apos
rompida, caracterizando um material auto-curavel, excelente para aplicacdes biomédicas. A
formagdo dos complexos de inclusao foi inicialmente determinada por titulagao calorimétrica
isotérmica (ITC) e DLS e foi posteriormente estudada no grupo de pesquisa por técnicas
complementares. O entendimento individual e em conjunto destes sistemas permitiu a
elaboracdo de sistemas poliméricos funcionais otimizados, beneficiando aplicacdes em diversas
areas da ciéncia e possibilitando aumentar a eficiéncia e racionalizagdo no uso dos materiais

poliméricos.



Abstract

Polymers are widely used in several industrial sectors in a variety of applications
and building knowledge of their properties allows the generation of more advanced functional
materials. POEGMA, poly[(ethylene glycol) methyl ether methacrylate], is a biocompatible
random graft copolymer that displays a phase transition at a lower critical temperature, forming
micelles or macroscopic aggregates. This feature is dependent of its molecular architecture,
consisting of a hydrophobic backbone and hydrophilic ethylene oxide (EO) side chains. In this
study, POEGMA copolymers were synthesized using reversible-deactivation radical
polymerization varying the length and content of the side chain grafted to the backbone. The
copolymers were characterized by gel permeation chromatography (GPC) and nuclear magnetic
resonance (NMR), and their aqueous behavior as a function of temperature was assessed by
dynamic light scattering (DLS), turbidimetry, high sensitivity differential scanning calorimetry
(HSDSC), small-angle X-ray scattering (SAXS) and UV-vis spectrophotometry. The amount
of EO groups present in the copolymer affects the phase transition temperature, while the length
of the side chains induces the formation of different structures above the critical temperature.

Nanocrystalline cellulose (CNC) is a material comprising particles of nanometric-
size obtained from plants or microorganisms with the potential to reduce the number of
petroleum-derived products. Grafting POEGMA copolymers onto CNC surface enables the
reversible formation of hydrogels responsive to temperature and/or to the presence of ions. In
this study, CNC grafted with POEGMA of different compositions were generated through a
reaction in an aqueous medium and at room temperature. The products were characterized by
transmission electron microscopy and atomic force microscopy (AFM), Fourier-transform
infrared spectroscopy (FT-IR), thermogravimetric analysis (TGA), X-ray photoelectron
spectroscopy (XPS), and high sensitivity differential scanning calorimetry (HSDSC). The
thermal behavior and hydrogel formation were characterized by turbidimetry, rheology,
thermomechanical analysis, and X-ray microtomography. Although copolymer grafting onto
the CNC surface was proved, its quantification was not possible by the usual methodologies,
and the microcalorimetry results opened a new possibility to estimate the amount of POEGMA
grafted onto the surface of nanoparticles. The addition of electrolytes and/or the increase in
temperature reversibly induces hydrogel formation. In addition, CNC improves the mechanical

properties of the hydrogel and reduces the amount of polymer needed to form a gel.



Another method of forming hydrogels was initially explored through
supramolecular crosslinking by the inclusion of an oligoethylene glycol chain into the -
cyclodextrin macrocycle. This type of physical crosslinking is also reversible and can be redone
after breaking, featuring a self-healing material, excellent for biomedical applications. The
formation of inclusion complexes was initially determined by isothermal calorimetric titration
(ITC) and DLS, and it was later studied in the research group using complementary techniques.
The individual and holistic understanding of these systems unlocks the elaboration of advanced
functional polymeric systems, benefiting applications in several areas of science and making it

possible to increase efficiency, rationalization in the use of polymeric materials.



Lista de Figuras

Figura 1: Numero de artigos cientificos e patentes publicados ao longo dos anos referente ao
175700 P (S 00 30013 (0 1SR 21
Figura 2: Patentes relacionadas ao tema de polimeros: (A) distribuigdo de depositos ao redor do
mundo indicando principais mercados-alvo e (B) principais titulares das patentes
depositadas n0s GIIMOS 20 ANOS. .......cccueerrieriieriieeiieiie et ete et e eeeeteeeaeebeesneeseens 22
Figura 3: Principais categorias de Classificacdo Internacional de Patentes (IPC) presentes nas
patentes de polimeros depositadas nos tltimos 20 anos mostrando quais sao as principais
tecnologias associadas (acima) e quais sdo as principais tecnologias patenteadas pelos
maiores titulares (abaixo). Para identificagdo detalhada de cada categoria, verifique a
108 15 £ 1 Lo B ) SRR RRR 23
Figura 4: Roda da inovacdo mostrando um detalhamento das tecnologias e aplicagdes
relacionadas a palavra central da busca “polymer”. ........c.cccccoeevevviieviencieiieeieeeeen, 24
Figura 5: Representacdo da definicdo de monomeros e polimeros, e arquiteturas poliméricas
mais relevantes para este eStUAO. ........eviiriiriiriiiiericeeee e 25
Figura 6: Esquema demonstrando o mecanismo das trés principais técnicas de polimerizacao
radicalar por desativacdo reversivel (RDRP). Adaptado da referéncia [23]. © 2005
EISEVIET. .ttt et et sttt 26
Figura 7: Esquema ilustrando a origem da celulose na célula vegetal. Adaptado das referéncias
[40, 41]. © 2013 Elsevier. © 2021 American Chemical Society. .........cccccevveriurennnnnne. 28
Figura 8: Mecanismo de hidrolise da celulose para obtengao da CNC. Adaptado da referéncia
[46]. © 2020 SPIiNEr NALUTE. ....ccvveeeiieeiiieerieeerieeereeeesireeeteeesbeeesreeessseeeesseeesseeennns 29
Figura 9: Representacdo de complexos de inclusdo hospedeiro-hospede. Adaptado das
referéncias [67, 68] © 2015 American Chemical Society, © 2020 Royal Society of
CREMISTIY . 1.ttt ettt ettt ettt e st e e bt esabeenbeessbeenseesnbeenseessseenseans 30
Figura 10: Variagdao da temperatura de transicao de fase (LCST) em fungdo da composicao
monomeérica dos copolimeros POEGMA (P(EO2MA-co-EOMA)), onde 0 mondmero
B corresponde ao composto indicado com massa molecular € nimero de grupos EO
descritos. Os valores do eixo Y variam entre a temperatura critica (LCST) do
homopolimero P(MEO2MA) até¢ a ebulicdo da agua. ..........ccceeeevvreecrieenciieeeieeeeiee e, 32
Figura 11: Abaixo da LCST, o POEGMA exibe uma conformagdo random coil do backbone

hidrofobico (em vermelho) com moléculas de dgua ligadas a hidrogénio a grupos EO de



Figura

Figura

Figura

Figura

Figura

Figura

Figura

cadeias laterais (em azul), que ¢ responsavel pela solubilidade do polimero. Acima da
LCST, o copolimero tem alterada a conformagao da sua cadeia lateral de EO tornando-
as insoluveis e causando o seu colapso junto com o backbone de metacrilato de metila.
Adaptado da referéncia [69]. © 2007 American Chemical Society. .........cccceeevuveenneen. 33
12: Representagdo do efeito do tamanho da cadeia colapsada e do comprimento e
quantidade relativa da cadeia lateral na formac¢do do agregado de POEGMA em micela
ou separagao de fase de um agregado maior. (a) Cadeias de polimeros soluveis existindo
como unimeros em solucdo abaixo da temperatura critica; (b) Perfil da curva de
transmitancia ao longo da transic¢ao de fase; (c) Cadeia de polimero individual colapsada
acima de uma temperatura critica; e (d) Tipo de transi¢cdo de fase e uma representagao
fora da escala da particula resultante (agregado macroscopicamente separado ou
100 (o] ) TR SRS 34
13: Mecanismo da polimerizacao radicalar pelo método “grafting-from” iniciada por
cério (IV). Reproduzido da referéncia [89] © 2013 American Chemical Society. ...... 66
14: Esquema da copolimerizagdo de POEGMA, P(EO2MA-co-EOMA), enxertados

sobre a superficie da CNC através da reacdo de sintese utilizando-se o iniciador CAN.

15: (A) Espectros de FT-IR e (B) curvas termogravimétricas das amostras de (m) CNC
ndo-modificada, (m) P(EO2MA-co-EO45MA)g9.1-g-CNC e (m) P(EO2MA-co-
L@ Y U T BTSSP 67
16: Imagens de microscopia AFM (acima, A e B) e MET (abaixo, C e D) das amostras
de CNC nao-modificada (a esquerda, A e C) e P(EO:2MA-co-EOQ45sMA)g9.1-g-CNC (2
direita, B e D). Nas imagens de MET as barras de escala equivalem a 100 nm. ......... 68
17: Espectros de alta resolugdo de XPS de C Is. (A) CNC pura e P(EO2MA-co-
EO45MA)99.1-g-CNC com (B) a protocolo tradicional, (C) 5% menos CAN, e (D) 5x
mais CAN. (m) C1, (m) C2, (m) C3, (m) C4, (m) contagem, (m) background, ¢ (m)
S 10<] (0] o1 SRR 69
18: (A) Curvas de turbidimetria e (B) microcalorimetria de solugdes aquosas de (m)
P(EO2MA-co-EO45MA)99.1 a 0,5%, (m) mistura fisica de P(EO2MA-co-EOQ4sMA)o9.1 a
0,5% com CNC a 1,0% ¢ (m) P(EO:MA-co-EO45sMA)99.1-g-CNC a 0,25%
(turbidimetria) e a 0,5% (microcalorimetria). Medidas de turbidimetria com taxa de
aquecimento = 0,5 °C min! em A = 500 nm. Medidas de microcalorimetria com taxa de

aquecimento = 1,0 °C min™', processo de aquecimento em linha sélida e processo de



resfriamento em linha tracejada. (C) Representacio do processo reversivel de
precipitacdo e visualizagao conceitual do precipitado formado. ..........cccceevvieiiennnnne. 70
Figura 19: Estimativa da densidade de polimero enxertado na superficie da CNC, determinada
por microcalorimetria. (A) Curvas calorimétricas e (B) curva de correlacdao da energia
de transi¢do com a quantidade de polimero presente nas amostras de P(EO2MA-co-
EO45MA)99.1 a (m) 0,25%, (m) 0,50% e (m) 1,0%, ¢ (m) P(EO2MA-co-EO45MA)99.1-g-
CNC a 1,0%. Os pontos (A) representam misturas fisicas de POEGMA (na concentracdo
indicada) com CNC a 1,0% demostrando que ndo hé interferéncia significativa desta na
medida da energia de tranSIGAO. .......cueruieruiieiieriie ettt 72
Figura 20: Sequéncia fotografica mostrando o hidrogel de P(EO2MA-co-EO9MA )9.10-g-CNC
desidratado apds ser pressionado e, em seguida reabsorvendo dgua e retomando sua
£OrMA NATUTAL ..ottt ettt et ee e e s aaeebeens 74
Figura 21: Propriedades termomecanicas do hidrogel formado por P(EO2MA-co-EO9MA )9o.10-
g-CNC. (A) Analise estatica (forga = 0) em funcdo da temperatura. (B) Ciclos
isotérmicos a (M) 20 °C ¢ a (M) 50 °C com pressdo intermitente de 0,1 N; a curva
vermelha foi deslocada 30 s para eliminar a sobreposi¢do e facilitar a visualiza¢do das
curvas; as equagoes de reta dos pontos maximos sdo: y = 1,07 x — 1730,4 a 20 °C (azul
claro) e y =-20,9 x — 881,7 a 50 °C (vermelho claro)..........ccccceeveeriiiiiinniiiiiienieeee 75
Figura 22: Caracterizacao estrutural e morfologica do hidrogel de P(EO2MA-co-EO9MA )9o.10-
g-CNC por (A) microtomografia de raios-X e (B) microscopia eletronica de varredura
(MEEV). ettt ettt b ettt et nb et be s ne e 76
Figura 23: Fotografia de amostras de POEGMA-g-CNC (concentragao em azul) e em diferentes
concentracoes de NaCl (indicadas em vermelho). Composi¢do monomérica do
POEGMA indicada ao lado, em preto. EO/MA: relagao molar entre os grupos 6xido de
etileno (EO) € metacrilato (IMA).....cuuiiouiieeieeeeiee et e 77
Figura 24: Formagao de gel reversivel do P(EO2MA-co-EOsMA )go:20-g-CNC com a adigdo de
NacCl e sua remocga0 POT AIAlISE. ...eeeeieiieeiiieeiii e e e e 78
Figura 25: Ensaios reologicos da formagdo reversivel do hidrogel de P(EO>MA-co-
EO20MA)os:5-g-CNC induzida pela temperatura. ..........ccceeveveeeiienieeiienieeiienieeeeene. 79
Figura 26: Esquema ilustrando a formagao do hidrogel a partir da temperatura ou da adicdo de
CLELTOLITOS. ettt ettt ettt ettt et et ere e 80
Figura 27: Conceito da reticulagdo supramolecular promovida pela a-CD em um sistema
contendo POEGMA-g-CNC, formando um hidrogel self-healing. .............................. 82

Figura 28: Representagdo da alfa-, beta- e gama-ciclodextrina, respectivamente.................... 83



Figura 29: Titulacdo calorimétrica isotérmica (ITC) de a-CD a 120 mM em (A) 4dgua e em
solugdes aquosas do oligdbmero EO4sMA a concentragdes variadas: (e) 0,2, (e) 0,7,
(0)2,5¢(®)5,0mM. T=25°C, velocidade de agitagdo =394 rpm. .......cceeeeuveenneen. 85

Figura 30: Curvas de DLS para o (m) mondmero EO4sMA a 5,0 mM e misturas com solugdes
aquosas nas concentragdes finais de a-CD de (m) 50, (m) 100, (m) 150, (=) 200, (=) 300
€ (M) SO0 MM oo e e e e e e e e e e e e tra e e e e nnes 85

Figura 31: Representagao do processo de formagdao do complexo de inclusdao da a-CD com

EO4sMA. Adaptado da referéncia [97]. © 2020 American Chemical Society............. 86



Lista de Tabelas

Tabela 1: Comportamento térmico dos copolimeros POEGMA sintetizados por ATRP. ....... 36
Tabela 2 Composi¢ao de carbono determinada por XPS de P(EO:2MA-co-EOQ45sM A )99.1-g-CNC

com diferentes quantidades de iniciador (CAN) na reagdo e a razao oxigénio/carbono.



1.

Sumario

Introducao geral

1.1.
1.2.

Estruturag¢ao da Tese
Conceitos gerais
Polimeros
Hidroggéis
Celulose nanocristalina (CNC)

Reticulacao supramolecular

Objetivos

Comportamento dos copolimeros de POEGMA em solu¢ao aquosa

3.1.

Efeito da variagdo da arquitetura molecular do POEGMA em solugao
aquosa

Artigo publicado na Langmuir (Referéncia [70])

Enxertia de POEGMA na superficie da CNC

4.1.
4.2.

4.3.

4.4.

Introducao

Experimental
Reagentes
Enxertia do POEGMA sobre a superficie da CNC
Microscopia eletronica de transmissao
Infravermelho com transformada de Fourier
Andlise termogravimétrica
Espectroscopia de fotoelétrons excitados por raios-X
Turbidimetria
Calorimetria diferencial exploratoria

Resultados e discussao
Enxerto de POEGMA na superficie da CNC
Caracterizagao da POEGMA-g-CNC
Estimativa da densidade de POEGMA enxertado na superficie da CNC

Conclusoes

Formagao de hidrogéis de POEGMA-g-CNC

5.1.

Experimental

Formacgao de hidrogéis

20
20
20
20
27
27
29
31
32

34
37
62
62
63
63
63
64
64
64
64
65
65
66
66
67
70
72
73
73
73



Medidas reoldgicas
Microtomografia de raios-X
Andlise termomecanica
5.2. Resultados e discussao
Hidrogel formado por adigao de eletrolitos
Hidrogel formado por aquecimento
5.3. Conclusdes
Reticulagdo supramolecular host-guest
6.1. Introducdo
6.2. Experimental
Reagentes
Titulagdo calorimétrica isotérmica
Espalhamento de luz dinamico
6.3. Resultados e discussao
Inclusdo da cadeia polimérica EO na a-CD
Reticulagdo supramolecular
6.4. Conclusdes
Conclusdes Gerais
Referéncias
Anexos
9.1. Artigo publicado no J. Colloid Interface Sci. (Referéncia [71])
9.2. Artigo publicado na ACS Omega (Referéncia [97])

9.3. Termos de permissao de uso das referéncias

73
73
74
74
76
78
80
82
82
83
83
84
84
84
84
86
86
88
89
98
98
109
121



20

1. Introducao geral

1.1.  Estruturacao da Tese

Os resultados deste trabalho serdo apresentados em trés topicos: (a) caracterizacao
das propriedades térmicas em solucdo aquosa dos copolimeros da familia POEGMA, (b)
caracterizacdo do POEGMA enxertado sobre a CNC, e (c¢) investigacdo da formacao de
hidrogel fisico.

1.2.  Conceitos gerais

Polimeros

Polimeros sdo macromoléculas constituidas por unidades quimicas repetidas
ligadas covalentemente, denominadas mondmeros. Polimeros podem ter sua origem natural ou
sintética — amido, celulose, latex, 13, e proteinas sdo exemplos de polimeros naturais, enquanto
que polietileno (PE), polipropileno (PP), poliestireno (PS), policarbonato (PC), poli(etileno
tereftalato) (PET) e Nylon sdo alguns exemplos de polimeros sintéticos mais conhecidos e que
sdo processados para formar pléasticos' [1, 2]. Polimeros, naturais ou sintéticos, sio amplamente
utilizados na industria e estdo presentes no cotidiano de todas as pessoas em qualquer lugar do
mundo. Os primeiros entendimentos e desenvolvimentos de polimeros, realizados pelo quimico
alemao Hermann Staudinger, levou-o a ser laureado com o Prémio Nobel de Quimica em 1953
por suas descobertas no campo da quimica macromolecular [3] e continuam até os dias de hoje
um campo relevante de desenvolvimentos constante nos meios académico e industrial, como
comprovado por uma pesquisa de artigos cientificos e patentes.

Esta pesquisa foi realizada utilizando-se o termo “Polymer”, buscando-se por
referéncias na plataforma SciFinder" (Admerican Chemical Society) [4], obtendo-se mais de 2,7
milhdes de resultados de artigos cientificos. Através da plataforma de busca e andlises de
propriedade intelectual PatSnap /P intelligence platform [5] foi pesquisado o mesmo termo
“polymer” nos campos de titulo, resumo e quadro reivindicatério (termo original e traduzidos
automaticamente) em 116 bases de dados, resultando em aproximadamente 1,5 milhdes de

familias de patentes desde 1922 até os dias atuais e cerca de um milhdo de familias de patentes

! Os termos “polimeros” e “plasticos” sdo frequentemente utilizados erroneamente
como sindnimos; plasticos sao materiais formados apos o processamento dos polimeros [1].
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publicadas apenas nos ultimos 20 anos. Familias de patentes consideram apenas um documento
representativo relacionado a mesma unica invencao que foi depositada em mais de um
territério, evitando assim a multiplicidade equivocada na contagem de uma unica invengao. A
Figura 1 mostra a quantidade crescente de publicagdes anuais relacionados ao desenvolvimento
de polimeros, notando-se um aumento ainda mais pronunciado nos artigos cientificos. Em
geral, artigos cientificos sdo relacionados aos desenvolvimentos iniciais da tecnologia,
associados a pesquisa académica, ao passo que as patentes demonstram um grau mais avangado
do desenvolvimento da tecnologia, com uma aplica¢do pratica comprovada e sdo associadas

majoritariamente as industrias.

125
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[ Patentes
75

50

25

Numero de documentos
(em milhares)

0 4
1940 1950 1960 1970 1980 1990 2000 2010 2020

Figura 1: Numero de artigos cientificos e patentes publicados ao longo dos anos referente ao
tema de polimeros.

A tecnologia de polimeros apresenta patentes depositadas em todos os continentes
(Figura 2-A) e, curiosamente, ¢ um dos raros casos em que o numero de documentos
depositados na China ndo ¢ o maior da lista, sendo neste caso os Estados Unidos o territorio
lider. A andlise de territorios em que as patentes sdo depositadas mostra quais os mercados
mais potenciais para aquela tecnologia. Dentre os titulares majoritarios dos tltimos 20 anos
(Figura 2-B) estdo grandes e conhecidas empresas de diferentes setores, desde a Fujifilm, que
atua principalmente no setor de fotografia, dtica, e dispositivos médico-eletronicos, até
empresas cosméticas, como a L’Oréal e a Procter & Gamble (P&G), além das empresas que
atuam na area de materiais e insumos quimicos, como a BASF, LG Chemicals, 3M, Toray,

Sumitomo Chemical, Dow Chemical e a petroquimica Sinopec.
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Figura 2: Patentes relacionadas ao tema de polimeros: (A) distribui¢ao de depositos ao redor
do mundo indicando principais mercados-alvo e (B) principais titulares das patentes
depositadas nos ultimos 20 anos.

A partir da anélise de categoria de Classificacdo Internacional de Patentes (IPC)
[6] das patentes obtidas na busca, pode-se identificar a tecnologia central da inven¢do. Na
Figura 3 vé-se que os polimeros sdo utilizados em diversas aplicacdes, por exemplo em fibras
téxteis, formulagdes cosméticas e farmacéuticas, tintas e adesivos, materiais para baterias,
materiais Oticos e, obviamente, plasticos. Combinando as duas analises podemos avaliar qual

a principal tecnologia desenvolvida por cada empresa titular das patentes.
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Figura 3: Principais categorias de Classificagdo Internacional de Patentes (IPC) presentes nas
patentes de polimeros depositadas nos tltimos 20 anos mostrando quais sdo as principais
tecnologias associadas (acima) e quais sdo as principais tecnologias patenteadas pelos maiores
titulares (abaixo). Para identificacdo detalhada de cada categoria, verifique a referéncia [6].
Graficos gerados pela plataforma PatSnap [5].

Através de andlises de inteligéncia artificial (disponivel na plataforma PatSnap)
pelos termos e frases encontrados nos documentos de patente, pode-se obter a denominada roda
de inovagao (Figura 4), que identifica e detalha como a tecnologia central da busca (polimeros,
neste caso) se relaciona com as tecnologias de aplicagdo (segundo e mais externo nivel da roda
da inovagdo). Vé-se, por exemplo, que os polimeros podem ser utilizados na forma de resinas
como matriz, compositos ou em solucao, podem ser utilizados em composicdes cosméticas
como agentes adesivos ou de recobrimento (que pode estar associado a tecnologia de
encapsulamento), podem ser utilizados em sistemas de baterias de litio, em sistemas eletronicos
de telas e de dispositivos de imagem, entre outros. Esta analise ¢ util ainda para, quando
necessario, enriquecer e afunilar a busca por mais aplicacdes especificas de uma determinada

tecnologia.
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polymer

RS

Figura 4: Roda da inovagdo mostrando um detalhamento das tecnologias e aplicagdes
relacionadas a palavra central da busca “polymer”. Grafico gerado pela plataforma PatSnap

[5].

Apesar da sua indiscutivel utilidade e aplicabilidade, tém-se discutido
recentemente os efeitos deletérios do uso demasiado dos polimeros, em especial do pléstico.
Plasticos ou fragmentos de plésticos gerados pela degradacao causada pelo tempo e intempéries
com menos de 5 mm sdo denominados como microplasticos e sdo classificados como poluentes
por ndo serem biodegradaveis, apresentarem elevada toxicidade e se acumularem no ambiente
[7-9]. Os microplasticos tém sido encontrado em ambientes aquaticos e marinhos [10, 11], que
alimentam todo o ecossistema do planeta, foram recentemente identificados em placenta
humana [12], e por estas razdes tém chamado a atenc¢do devido ao potencial efeito danoso que
pode apresentar, levantando a preocupagdo da comunidade cientifica, sociedade civil e
agéncias regulatdrias [13]. Desta forma, faz-se mais que necessario o entendimento ainda mais
aprofundado dos polimeros, suas propriedades e aperfeicoamento da sua manipulacdo para
obter o méaximo de beneficio da sua aplicagdo sem comprometer o ambiente e a seguranca dos

organismos vivos.
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Polimeros constituidos por dois ou mais tipos de monomeros sao denominados
copolimeros e, de acordo com a sua arquitetura molecular, os copolimeros podem ser
classificados em aleatorio, gradiente, em bloco ou enxertado, conforme ilustrado na Figura 5.
Conforme as propriedades dos mondmeros, tamanho e distribui¢do das cadeias e a arquitetura
do polimero, as suas propriedades fisico-quimicas sao afetadas. Copolimeros constituidos por
grupos polares e apolares podem apresentar carater anfifilico e se auto-organizar em solugao
aquosa como os surfactantes. Este comportamento ¢ mais pronunciado em copolimeros em
bloco e os mais estudados sdo os copolimeros em bloco de poli(6xido de etileno-co-6xido de

propileno) (EO/PO), comumente conhecidos como Poloxamer ou Pluronic®.

QP09 Copolimero aleatério
Qpd?%009%d® Copolimero gradiente
(&} ,
° o Q%0099 Copolimero em bloco
polimerizacao
—_— 5

o ©
(4]
° Copolimero graft
ou enxertado
MONOMEROS POLIMEROS

unidades de Moléculas de alto peso molecular contendo muiltiplas
baixo peso repeticdes de monémeros ligados covalentemente
molecular

Figura 5: Representag¢do da defini¢do de mondmeros e polimeros, e arquiteturas poliméricas
mais relevantes para este estudo.

Recentemente, diversas metodologias de polimerizagdo radicalar por desativacao
reversivel (RDRP, do inglés reversible-deactivation radical polymerization)* [14] foram
desenvolvidas possibilitando um maior controle na arquitetura do polimero, tais como as
técnicas de polimerizagdo radicalar por transferéncia de &tomo (ATRP, do inglés atom-transfer
radical polymerization), polimerizagdo mediada por nitroxidos (NMP, do inglés nitroxide-
mediated polymerization), e transferéncia reversivel de cadeia por adicao-fragmentagao
(RAFT, do inglés reversible addition-fragmentation chain-transfer). Estes polimeros com
arquitetura controlada, sintetizados pelos mecanismos de reacdo representados na Figura 6,

possuem funcionalidades especiais e sdo utilizados, inclusive em escala industrial [15, 16],

2 Estas metodologias também s3o conhecidas como “polimerizacdo radicalar
controlada” ou “polimerizagdo radicalar viva”, termos desaconselhados pela [UPAC [14].
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desde a aplicagdo em encapsulamento e liberagao controlada [17, 18], dispersantes poliméricos
de alta performance [19-21], como até aplicagdes ainda mais nobres como polimeros capazes

de transferir uma informacao especifica como um “DNA sintético” [22].
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Figura 6: Esquema demonstrando o mecanismo das trés principais técnicas de polimeriza¢ao
radicalar por desativacdo reversivel (RDRP). Adaptado da referéncia [23]. © 2005 Elsevier.

Recentemente, muitos trabalhos tém sido publicados na literatura sobre polimeros
que apresentam funcionalidade adicional respondendo a um estimulo do meio, como
temperatura, forga i6nica, pH, radiag¢do eletromagnética (luz), entre outros fatores. A resposta
a estes estimulos ¢ consequéncia da alteracdo das microestruturas da cadeia polimérica,
modificando as suas propriedades fisico-quimicas. Polimeros termossensiveis ou
termorresponsivos contém grupos, tais como o 6xido de etileno (EO) entre outros, que alteram
a sua conformagdo e podem passar por separacao de fase a uma temperatura critica, como por
exemplo a LCST? [24]. O grupo EO ¢ também utilizado para aumentar a solubilidade de

polimeros em agua, possibilitando sua aplicacdo como dispersantes [25], por exemplo.

3 Do inglés, lower critical solution temperature (LCST): ¢ a menor temperatura de
solubilidade de um polimero em um solvente. Abaixo desta temperatura o polimero ¢ soltivel
e o sistema monofasico. Acima desta temperatura o polimero altera o seu enovelamento e,
portanto, a sua conformacao e estruturagdo, tornando-se imiscivel com o solvente e separando
de fase, resultando um sistema bifasico.
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Hidrogéis

Hidrogéis sdo definidos como “uma rede polimérica* ndo-fluida que é expandida
ao longo de todo o seu volume por dgua” [26], absorvendo para isso uma elevada quantidade
de agua, dependendo da sua composi¢do. Como a definicdo utiliza o termo volume, sdo
consideradas para os hidrogéis as redes poliméricas tridimensionais. A reticulagao do hidrogel
pode ser quimica ou fisica. No hidrogel quimico, os pontos de reticulagdo sdo formados por
ligagdes quimicas covalentes. Quando os pontos de reticulagdo sdo formados por outras
interacdes, tais como, por exemplo, interacdes hidrofobicas, emaranhamentos de cadeias
poliméricas e ligacdes de hidrogénio, o material ¢ denominado hidrogel fisico. Em geral, os
hidrogéis fisicos apresentam como vantagens quando comparado ao quimico: menor
toxicidade, maior simplicidade, reversibilidade da reticulagdo e, portanto, um maior nimero de
aplicagoes em geral. Hidrogéis encontram intimeras aplicacdes na engenharia, na agricultura,
na biotecnologia, nas industrias farmacéutica, de alimentos, de cosméticos, dentre outras [27—
34]. Hidrogéis termorresponsivos apresentam alteracdes de volume quando expostos a
variagdes de temperatura em consequéncia de mudangas abruptas no coeficiente de
intumescimento ou de transi¢cdes sol-gel [35]. Este tipo de hidrogel pode ser aplicado, por

exemplo, na liberacdo sustentada de farmacos [36, 37].

Celulose nanocristalina (CNC)

A celulose nanocristalina (CNC) ¢ uma nanoparticula sustentavel e biocompativel,
derivada de plantas ou bactérias [38—41] (Figura 7) que pode ser utilizada em hidrogéis como
agente de reforco, modificar suas propriedades, além de diminuir o teor de polimero necessario
para formar o gel [42—44]. Em formato de bastdo, a CNC apresenta-se com diametro em torno
de 5-20 nm e comprimento de 100—200 nm, com uma grande area superficial [45]. O método
de obtencdo da CNC mais estudado e utilizado ¢ através da extragdo por acido sulftrico,
hidrolisando e esterificando a celulose (Figura 8), apds o processo mecanico [46], resultando
em nanoparticulas de celulose cristalina contendo em superficie muitos grupos hidroxila e
sulfato que sdo suscetiveis a modificacdes quimicas, incluindo enxerto de polimeros
especificos, o que melhora as suas propriedades e define diversas aplicagdes [47, 48]. A CNC

pode ser aplicada a uma ampla gama de tecnologias, por exemplo, como liberacao de ativos

+ A TUPAC faz distingdo e recomenda a utilizacdo do termo “aquagel” para um
hidrogel que ¢ formado por uma rede coloidal ao invés de uma rede polimérica) [26].
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[49], engenharia de tecidos [50—-52], modificadores reologicos [53] e materiais funcionais [54—

60].

fibrilas
elementares.
N

Estrutura Estrutura da Estrutura da
Celulose microfibrilar matriz fibrilar parede celular

Figura 7: Esquema ilustrando a origem da celulose na célula vegetal. Adaptado das referéncias
[40, 41]. © 2013 Elsevier. © 2021 American Chemical Society.
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Figura 8: Mecanismo de hidrélise da celulose para obtengdo da CNC. Adaptado da referéncia
[46]. © 2020 Springer Nature.

Reticulacdo supramolecular

Hidrogéis com capacidade “self-healing” sdo aqueles que conseguem reestruturar
a sua rede apds o seu rompimento através da regeneragdo das ligagdes de reticulacdo das
cadeias poliméricas. As reticulagdes formadas por interagdes supramoleculares sdo reversiveis
e assim apresentam esta propriedade. A grande vantagem desta abordagem se da em aplicacdes
em que o material pode sofrer rompimento sem que seja possivel a sua substitui¢do, como € o
caso da engenharia biomédica de tecidos (cartilagem e pele artificiais), biomateriais para
terapias médicas com liberacao controlada de farmacos, cicatriza¢dao de feridas, entre outras
[61-64]. A quimica supramolecular envolve o arranjo de sistemas complexos de moléculas
unidos por multiplas for¢as intermoleculares mais fracas que as ligacdes covalentes e que sdo,
desta forma, reversiveis; por exemplo, as interagdes eletrostaticas, ligacdo de hidrogénio,
coordenagao de ion metalico, for¢as hidrofébicas, for¢as de van der Waals, interagdes m-m,
interacdes hospedeiro-hdspede, entre outras. Esta abordagem possibilita o desenvolvimento de

sistemas formando complexos de inclusao (Figura 9) simples, como exemplo por ciclodextrina

5 Self-healing, do inglés: auto-curavel.



30

(hospedeiro) e cadeias de poli(etileno glicol) (PEG) (héspede) [65], até complexos de inclusao
mais avancados, como os rotaxanos (e pseudorotaxanos), que levaram ao desenvolvimento de
maquinas moleculares e que foram, inclusive, objeto do Prémio Nobel de Quimica de 2016 aos

cientistas Jean-Pierre Sauvage, Sir J. Fraser Stoddart e Bernard L. Feringa [66].
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Figura 9: Representagdo de complexos de inclusdo hospedeiro-hospede. Adaptado das
referéncias [67, 68] © 2015 American Chemical Society, © 2020 Royal Society of Chemistry.
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2.  Objetivos

O objetivo geral desta Tese ¢ investigar o efeito da arquitetura molecular nos
agregados formados em agua por copolimeros da familia POEGMA acima da temperatura
critica e sintetizar copolimeros desta familia na superficie da celulose nanocristalina
(POEGMA-g-CNC) para produzir hidrogéis fisicos responsivos.

Para atingir este objetivo, foram usadas as seguintes estratégias:

» Sintese dos copolimeros da familia POEGMA por metodologias de polimerizagao radicalar
por desativagdo reversivel (RDRP).

» Caracterizagdo dos agregados formados acima da temperatura critica, correlacionando as
suas propriedades com a estrutura molecular.

» Sintese e caracterizacdo de copolimeros POEGMA enxertados na superficie da CNC
(POEGMA-g-CNC).

» Obter hidrogéis fisicos a partir do material POEGMA-g-CNC sintetizado.
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3. Comportamento dos copolimeros de POEGMA em solucio

aquosa

Estudos anteriores com polimeros responsivos a temperatura demonstraram os
beneficios dos copolimeros da familia poli[metacrilato de (oligoetileno glicol) metil éter]
(POEGMA) frente ao amplamente conhecido e estudado poli(N-isopropil acrilamida)
(PNIPAM). A familia de copolimeros POEGMA, biocompativel e mais seguros que o
PNIPAM, apresenta temperatura de transi¢ao de fase variavel de acordo com a composicao de
grupos de 6xido de etileno (EO) em sua cadeia, conforme ilustrado na Figura 10. O POEGMA
¢ soluvel em agua abaixo da sua LCST e exibe uma transi¢do da estrutura random coil para
globular na LCST com separacdo de fases. Esta transicdo ¢ devida a desidratacdo dos grupos
EO, que colapsa para o backbone hidrofobico de metacrilato de metila [69], conforme ilustrado

na Figura 11.

PEGMAu050
45 EO

LCST/°C

MonémeroB / %

Figura 10: Variacdo da temperatura de transicdo de fase (LCST) em fun¢do da composi¢ao
monomérica dos copolimeros POEGMA (P(EO2MA-co-EOMA)), onde o monomero B
corresponde ao composto indicado com massa molecular e nimero de grupos EO descritos. Os
valores do eixo Y variam entre a temperatura critica (LCST) do homopolimero P(IMEO2MA)
até a ebuli¢do da agua.
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Figura 11: Abaixo da LCST, o POEGMA exibe uma conformagao random coil do backbone
hidrofobico (em vermelho) com moléculas de 4gua ligadas a hidrogénio a grupos EO de cadeias
laterais (em azul), que ¢ responsavel pela solubilidade do polimero. Acima da LCST, o
copolimero tem alterada a conformacdo da sua cadeia lateral de EO tornando-as insoluveis e

Ey

o

Tmo

causando o seu colapso junto com o backbone de metacrilato de metila. Adaptado da referéncia
[69]. © 2007 American Chemical Society.

Os estudos da literatura, no entanto, focam majoritariamente na variagdo da
temperatura de transi¢do, medidas por técnicas de calorimetria e espalhamento de luz; sem
observar alteragdes nos objetos formados com a separacdo de fase devido a temperatura.

Neste estudo, foram sintetizados por polimerizacdo radicalar por desativacao
reversivel (RDRP) e caracterizados por cromatografia de permeagcdo em gel (GPC) e
ressonancia magnética nuclear (RMN) copolimeros do tipo graft da familia POEGMA e foram
estudados o comportamento térmico destes em dgua por espalhamento de luz dinamico (DLS),
turbidimetria, microcalorimetria (HSDSC), espalhamento de raios-X de baixo angulo (SAXS)
e espectrofotometria no UV-vis, detalhando a estrutura dos objetos formados acima da
temperatura de transi¢do de fase. De acordo com a arquitetura do copolimero, pode-se controlar
ndo apenas a temperatura da transi¢cao de fase, mas também o objeto formado: micelas ou
agregados que separam de fase macroscopicamente. Em alguns casos especiais, ¢ possivel
obter ambos os objetos, em faixas de temperatura distintas. A quantidade de grupos EO se
relacionam com a temperatura da transi¢ao de fase, enquanto que o comprimento das cadeias
laterais de oligoetileno glicol afeta a estrutura formada, conforme representado na Figura 12.

A principal aplicacdo deste estudo ¢ o desenvolvimento de sistemas inteligentes de
entrega de moléculas funcionais através da temperatura. Estas moléculas podem atuar como
ingredientes ativos em diversos segmentos, beneficiando principalmente as areas farmacéuticas
e biomédicas, cosmética e cuidados para a casa, de quimicos para agricultura, entre outras. Este

trabalho foi publicado na revista Langmuir [70] e encontra-se na integra na se¢do 3.1.
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Figura 12: Representacdo do efeito do tamanho da cadeia colapsada e do comprimento e
quantidade relativa da cadeia lateral na formacdo do agregado de POEGMA em micela ou
separagdo de fase de um agregado maior. (a) Cadeias de polimeros soliveis existindo como
unimeros em solugdo abaixo da temperatura critica; (b) Perfil da curva de transmitincia ao
longo da transicdo de fase; (c¢) Cadeia de polimero individual colapsada acima de uma
temperatura critica; e (d) Tipo de transicdo de fase e uma representagdo fora da escala da
particula resultante (agregado macroscopicamente separado ou micela).

Efeito da variagdo da arquitetura molecular do POEGMA em solucdo aquosa

Os copolimeros de POEGMA foram sintetizados pela técnica de polimerizagao
controlada ATRP, nos métodos normais e ARGET. Esta técnica de polimerizacao controlada
garante uma baixa dispersidade de massa molar. O método ARGET, mais elaborado, utilizada
uma concentragdo de Cu"’ cerca de 40 vezes mais baixa que 0 método normal, gerando um
produto com uma menor quantidade de contaminante apds a purificacdo. Além disso, a
utilizacao do agente redutor de estanho torna a reagdo menos sensivel a presenga de baixas
concentracgdes de oxigénio.

O poli(metacrilato de metila) (PMMA) é um polimero insolivel em agua. No caso
do POEGMA, o PMMA ¢ o esqueleto principal (backbone) com enxertos de poli(oxido de
etileno) (PEO), que garantem a sua solubilidade abaixo da sua LCST. Dependendo da sua
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arquitetura, os copolimeros POEGMA formam diferentes estruturas de agregado acima da
LCST: agregado micelar ou agregado nao micelar. A fim de proporcionar uma melhor
compreensdo sobre a estrutura do agregado micelar, realizamos medi¢des de espalhamento de
luz utilizando o copolimero P(EO:MA-co-EOssMA) como modelo para o sistema de
copolimeros POEGMA.

Abaixo da LCST o copolimero ¢ soluvel e, com aquecimento da solugdo, a sua
conformagdo ¢ alterada, tornando-a menos polar e reduzindo a interacdo dos grupos EO das
cadeias laterais com a dgua [24], com consequente desidratagdo parcial da cadeia polimérica
colapsando-as junto ao backbone de metacrilato. Caso haja cadeias laterais de EO longas o
suficiente para ndo se colapsarem com o backbone, a cadeia polimérica apresentard uma regiao
hidrofobica colapsada e outra regido hidrofilica formada pela(s) cadeia(s) lateral(is) de EO que
continuam solvatadas pela agua. Esta estrutura anfifilica se auto-organiza em micelas. Este
comportamento ¢ bem conhecido para copolimeros de EO/PO em bloco (usualmente chamados
pelo nome comercial “Pluronic®”).

Com a adi¢do de cadeias laterais com 5 unidades de grupos EO ao P(EO2MA-co-
EO4sMA), formando os copolimeros P(EO:MA-co-EOsMA-co-EO4sMA), o tamanho do
esqueleto colapsado aumenta assim como a temperatura de transicdo de fase. Quanto mais
cadeias laterais de EOsMA forem adicionadas, maior o volume da regido de carater
hidrofébico. Com isso, a geometria do objeto anfifilico se altera e a cauda hidratada nao ¢ mais
suficiente para manté-lo estavel em solucao, induzindo o copolimero a separagdo macroscopica
de fase. Por outro lado, uma cauda mais curta, como no caso do P(EO2MA-co-EO20MA), na
mesma propor¢do monomérica que o P(EO2MA-co-EO4sMA) (99:1), ndo ¢ suficiente para
manter a estrutura colapsada estavel em solucdo; € necessaria uma quantidade maior desta
cauda hidratada para isso. No entanto, estas cadeias laterais suportam estabilizar o agregado
até uma determinada temperatura, acima da qual também iré se desidratar e colapsar junto com
o esqueleto ja desidratado, levando também o copolimero a separacdo macroscopica de fase.

A Tabela 1 sumariza os resultados sobre o comportamento térmico dos
copolimeros POEGMA. Os valores de entalpia da transicao de fase se correlacionam com a
razao EO/MA dos copolimeros. Isto indica que esta energia esté relacionada a desidrata¢do dos
grupos metacrilatos, uma vez que esta energia diminui com a sua quantidade relativa no

copolimero.
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Tabela 1: Comportamento térmico dos copolimeros POEGMA sintetizados por ATRP.

POEGMA FOMAEOMAS razao T*/°C A estrutura’
EOsMA/EO4ssMA  EO/MA Jg!
P(EO:MA) 100/~/—/— 2,0 20,0 25,1 agg
P(EO2MA-co-EO4sMA) 99/—/—/1 2.4 26,5 19,8 micela
P(EO2MA-co-EOsMA-co- 94/-/5/1 2,6 31,0 15.1 micela
EO4sMA) 89/—/10/1 2,7 34,5 16,2 micela
79/-/20/1 2,9 40,5 16,5 agg
69/-/30/1 3,2 46,0 16,0 agg
P(EO2MA-co-EO20MA) 99/1/—/— 2,2 21,5 23,5 agg
95/5/—/— 2.9 32,0 47,5 14,0 ambas
90/10/—/— 3,8 39,0 53,5 49 ambas

*Temperatura das transicdes de fases. 'Estrutura identificada acima da temperatura de
transicao de fases (agg = agregado com separacdo de fase macroscopica).

Os resultados demonstraram que o volume do backbone colapsado, o comprimento
da cadeia lateral de EO e seu teor na composicao do copolimero determinaram as transigoes
induzidas pela temperatura, levando a formagao de micelas ou separa¢do macroscopica de fase
enquanto, em alguns casos, os dois eventos foram observados consecutivamente (Figura 12).
Estes objetos apresentam a potencial aplicagdo dos copolimeros da familia POEGMA como

agentes de encapsulamento e liberagdo controlada de ativos.
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ABSTRACT: Understanding of the temperature-induced phase
transition of poly(oligo(ethylene glycol) methyl ether methacry-
late) (POEGMA) random copolymers with varied composition
remains largely incomplete. Upon heating they can form either
macroscopically phase-separated aggregates or micelles. We
examined the effect of polymer architecture by rationally designing
and synthesizing various POEGMA copolymer structures via atom
transfer radical polymerization using OEGMA monomers of
different EO lengths. Micelle formation occurred for copolymers
with a small fraction of long side chains counterbalanced by an
appropriate number of short side chains, while macroscopic phase
separation occurred for other copolymer compositions. In some
copolymer compositions and architectures, micelle formation

DIVERSE RANDOM
COPOLYMER ARCHITECTURES
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micelle formation
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followed by macroscopic phase separation occurred, and the temperature of these phase transitions could be tailored accordingly.

is new strate, ows the control over the microstructure and specific transition temperatures enablin r instance, the
Thi trategy allows th trol th tructure and specific transition temperatur bling, for instance, th
preparation of nanocarriers for encapsulating hydrophobic compounds.

B INTRODUCTION

Random copolymers with self-assembly behavior have
attracted considerable attention due to their potential
applications. This is a typical behavior of block copolymers
which are capable of forming stable polymeric micelles in
selective solvents, consisting of a hydrophobic core surrounded
by a hydrophilic corona. Several nanostructures with different
morphologies can be prepared using this strategy for a wide
range of applications." The most studied systems are a family
of poly(ethylene oxide)—poly(propylene oxide)—poly-
(ethylene oxide) (PEO—PPO—PEQO) copolymers (also
known as Poloxamers or Pluronics) in aqueous solutions,
whose aggregation behavior is well understood and that have
similarity to low molecular weight surfactants.” More recently,
other block copolymers with tunable amphiphilic character-
istics have been developed as supramolecular nanocarriers for
controlled release as well as other applications in biomedi-
cine.”™” The possibility of forming polymeric micelles using
stimuli-responsive random copolymers with block copolymer-
like properties offers an important alternate route to prepare
micellar structures in water, and, although there are some
interesting works emerging on this theme,'"™" it is still
underexplored in the literature.

Poly(oligo(ethylene glycol) methyl ether methacrylate)
(POEGMA) is a family of copolymers consisting of a
hydrophobic methacrylate backbone and hydrophilic ethylene

@ 2020 Amedcan Chemical Society

< ACS Publications 15018

oxide (EO) side groups, where the EO segments enhance the
solubility of the polymer in water, yielding many interesting
properties. These copolymers are sufficiently hydrophilic with
high water solubility, and they possess lower critical solution
temperatures (LCST) depending on their chemical composi-
tion. Their water solubility is enhanced by the EO units
yielding tailorable phase separation temperatures.””~'” Upon
heating, these EO groups alter their conformation, becoming
less polar'® and disrupting the hydrogen bonds between the
ether group on EQ segments and water. Consequently, the
polymer—polymer interaction is favored over polymer—solvent
interaction, which induces a reversible phase transition.
These polymer systems were initially prepared and reported
by Lutz and co-workers'” as alternative temperature responsive
polymers to replace the well-known poly(N-isopropylacryla-
mide) (PNIPAM). POEGMA copolymers are biocompatible™
and possess antifouling behavior,”' and the monomers are not
toxic compared to that of PNIPAM,** makin them safer for
use in biomedicine.”® As previously reported,”* a POEGMA
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Scheme 1. Synthesis of P(EOQ,;MA-co-EOsMA-co-EO,sMA) and P(EOQO,MA-co-EQ,MA) (n = 20 or 45), by Normal ATRP (Top)
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copolymer containing a specific ratio of long and short EO side
chains, P(EO,MA-co-EO;sMA) at a molar ratio of 99:1,
displayed a temperature-induced phase behavior forming
macromolecular aggregates or micelles beyond the critical
phase transition temperature, as opposed to macroscopic phase
separation observed for copolymers with other compositions.
This observation prompted us to perform a more systematic
investigation on the solution and association behavior of a
series of copolymers from the POEGMA family, whose
compositions were varied with respect to the length of their
EO side groups and their EO composition (molar fraction of
EO per chain).

We rationally designed and synthesized a series of
POEGMA random copolymers with EO side chains bearing
2, 5, 20, and 45 EO units by atom transfer radical
polymerization (ATRP), a reversible-deactivation radical
polymerization (RDRP) method. We investigated aqueous
solutions of these copolymers using techniques such as
turbidimetry, high-sensitivity differential scanning micro-
calorimetry (HSDSC), and light scattering and small-angle
X-ray scattering (SAXS) measurements in order to elucidate
the impact of molecular architecture on their aggregation.
Moreover, using a model hydrophobic compound we
examined whether they could be used to encapsulate
hydrophobic compounds as a potential nanocarrier for the
controlled delivery of drugs. In this study, we report a
straightforward approach to tailor a random copolymer with
self-assembly behavior, producing either a micelle or a cluster
structure at well-defined temperatures and at low concen-
tration (5.0 mg mL™").

B EXPERIMENTAL SECTION

Materials. Di(ethylene glycol) methyl ether methacrylate
(EO,MA) (M, = 188 g mol™") and oligo(ethylene glycol) methyl
ether methacrylate (EQ,MA, n = §, 20, and 45 EO units, M, = 300,
950, and 2080 g mol™!, respectively) (from Sigma-Aldrich) were
passed through an alumina column to remove inhibitors. Copper(I)
bromide (CuBr, Aldrich, 99.999%), copper(II) bromide (CuBr,,

Aldrich, 99.999%), N,NN',N",N"-pentamethyldiethylenetriamine
(PMDETA, Aldrich, 99%), tris(2-pyridylmethyl)amine (TPMA,
Aldrich, 98%), tin(II) 2-ethylhexanoate (Sn(EH), Aldrich,
292.5%), ethyl a-bromoisobutyrate (EBiB, Aldrich, 98%), ethanol
(Aldrich, reagent grade), and Reichardt’s dye (Sigma, 90%) were used
without further purification. Propargyl Zbrommsobutyrate (PBiB)
synthesized following the method described elsewhere™® was kindly
supplied by Dr. Hairong Wang (Soochow University, China), and it
was characterized by NMR spectroscopy (Figure 51 in the Supporting
Information). Milli-Q system water (resistivity greater than 18.2 MQ-
cm) was used to prepare all the solutions.

Copolymers Synthesis. We synthesized all copolymers via the
atom transfer radical ponmemahon (.ATRP) with some modifica-
tions according to previous reports.” " The synthesis routes are
shown in Scheme 1. Typical procedures for the synthesis conducted
by normal ATRP and by activators regenerated by electron transfer
(ARGET) ATRP are described in detail in the Supporting
Information.

Gel Permeation Chromatography. We performed gel perme-
ation chromatography (GPC) in a Viscotek GPCmax VE 2001
chromatograph equipped with a Viscotek VE 3580 RI Detector and
Viscotek UV Detector 2500. A Viscotek TGuard 10 X 4.6 mm guard
column and three Shodex KF-806 M or T6000 M columns were used
and maintained at 40 °C. Anhydrous tetrahydrofuran (THF) (Sigma-
Aldrich, HPLC grade) was used to prepare polymer solutions of 8.0
mg mL™!, and it was also used as an eluent at a flow rate of 1.0 mL
min~!. A calibration curve was constructed using polystyrene (PS)
standards (Malvern).

'"H NMR Spectroscopy. 'H NMR nuclear magnetic resonance
(NMR) spectra were recorded in CDCly in Bruker Avance NMR
spectrometers operating at 400 or 500 MHz. The experimental
conditions are described as follows: pulse program: zg30; spectral
width: from —4.00 to 16.00 ppm; spectral size: 32768 points; 90°
pulse: 11.75 us; delay: § s number of scans: 16. Tetramethylsilane
(TMS) was used as an internal standard for calibrating chemical
shifts.

Turbidimetry. We determined the cloud points of 5.0 mg mL™"
aqueous copolymer solution in a Varian Cary 100 UV-—vis
spectrophotometer equipped with a temperature controller. The
cloud point was determined when the temperature started to deviate
from 100% transmission. The measurements were performed at a

httpe/fdx doiorg /1 01021/ acs langmuir0c02 538
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Table 1. Composition and Characterization of the Synthesized POEGMA Copolymers”

reaction EO,MA/EO,MA/EO MA/ Mg M, e
entry POEGMA type system EO,MA conv.” (g mol ') (g mol ™) B Hu. Hoow
1 P(EO,MA) ARGET 100/ —/—/— 0.88 16600 21500 199 600 587
ATRP
2 P(EO,MA-w0-EO,MA) normal ATRP 99/—/—/1 n.d. 207007 18500 205 772 782
3 P(EO,MA-co-EO,MA-co- normal ATRP 94/ /5/1 n.d. 213007 24000 208 822 8¢
4 EOMA) normal ATRP 89/-/10/1 n.d. 218007 13000 203 872 890
5 normal ATRP 79/—/20/1 n.d. 220007 15100 198 972 980
6 normal ATRP 69/—/30/1 n.d. 240007 16300 210 1072 1008
7 P(EOMA-co-EO; MA) ARGET 99/1/—/— 097 19000 16900 154 672 661
ATRP
8 ARGET 95/5/—/~ 097 22100 16800 135 960 977
ATRP
9 ARGET 90/10/—/ - 092 24700 14200 135 1320 1296
ATRP

“Experimental conditions: normal ATRP: [PBiB]y/[CuBr],/[PMDETA], = 1/2/4. ARGET ATRP: [EBiB],/[CuBr,],/[TPMA],/[Sn(EH),], =
1/0.05/0.2/0.1. All polymerization reactions were conducted in EtOH/monomers = 1.25:1 (v/v) at 60 °C. "Conversion calculated by 'H NMR;
more detail can be found in the Supporting Information. “M, g, = ([M]o/[I]o) % conversion X M,y pome “Considering target M,. “EO content in
the POEGMA polymer chain quantified from "H NMR spectra (H, is assigned the methylenic protons CH,CH,O of the EO group). n.d. = not

determined.
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Figure 1. "H NMR spectra of all synthesized POEGMA copolymers (see Table 1) recorded in CDCly with all protons identified.

wavelength of S00 nm with three cycles of heating and cooling at 0.5
°C min~ ', after an equilibration time of 120 s at each step.
Microcalorimetry. The thermal behavior of 5.0 mg mL™" aqueous
copolymer solution was monitored by high-sensitivity differential
scanning microcalorimetry (HSDSC) in a MicroCal VP-DSC
(Northampton, USA), equipped with 0.54 mL cells. Three
consecutive cycles of heating and cooling were performed from 5 to
90 °C at a scanning rate of 60 °C h™'; the first run was considered to
have erased the polymer thermal history, and all curves were identical.
The reference cell was filled with Milli-Q_water. All samples were kept
at the starting temperature for 20 min prior to the measurements. The
blank reference, obtained by conducting an experiment with both cells
filled with water, was subtracted from the sample thermograms. The
enthalpy change (AH, expressed as J g™' of polymer) was calculated
by integrating the area below the curve after subtracting the baseline.

15020

Dynamic Light Scattering. Dynamic light scattering (DLS)
analyses of 1.0 mg mL™" aqueous P(EQ,MA-co-EQ,MA) solutions
were performed on a Zetasizer Nano ZS (Malvern Instruments,
Worcestershire, U.K.), equipped with a He—Ne laser red (1 = 632.8
nm). The scattering intensities were detected at an angle of 173°.
Prior to the experiments, all the solutions were filtered through a 0.45
um disposable filter. More experimental details are provided in the
Supporting Information.

Small-Angle X-ray Scattering. We performed small-angle X-ray
scattering (SAXS) measurements at the SAXS1 beamline of the
Brazilian Synchrotron Laboratory (LNLS) at the Brazilian Center for
Research in Energy and Materials (CNPEM), in Campinas, Brazil.
The 5.0 mg mL™" aqueous copolymer solution was added to a cell
with two flat mica windows under water-bath temperature control.
Experiments were performed at 25 and 37 °C, and the samples were

https//dx.doi.org/10.1021/acs langmuir.0c02 538
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Figure 2. DLS measurements of 1.0 mg mL™" aqueous solution of the P(EO,MA-co-EO;sMA) 99:1 copolymer: (A) number-weighted intensity as
a function of temperature (indicated in each curve) and (B) number-weighted intensity as a function of time at T = 29 °C. All measurements were
performed at @ = 173° (C) UV—vis spectra from 18 to 50 °C (thicker lines in blue and red for 25 and 40 °C, respectively) and (D) A, of
Reichardt's dye as a function of temperature in 5.0 mg mL™" aqueous P(EQ,MA-co-EO, MA) solution.

maintained at this temperature for at least 1 h prior to the
measurements. The distance between the sample holder and detector
was 912 mm, and the X-ray wavelength was 4 = 1.550 A. The detailed
data fitting procedure is described in the Supporting Information.

Solvatochromic Dye Incorporation. Reichardt’s dye was
incorporated into the POEGMA copolymer by employing the
coprecipitation technique. A 1.0 mM Reichardt’s dye solution in
acetone was prepared, and 400 L was added to 2.0 mL of a 0.01 wt
% P(EQ,MA-co-EQ,MA) solution in acetone and well mixed. The
solvent was evaporated under N, flow. Subsequently, 3.0 mL of a cold
100 mg mL™" aqueous P(EOQ,MA-co-EQ,sMA) solution was added
and vortexed for 60 s to dissolve all the precipitate. The aqueous
Reichardt’s dye POEGMA solution was then further diluted to 5.0 mg
mL™!, and the UV—vis spectra were recorded as a function of
temperature in a HP8453 spectrophotometer equipped with Peltier
temperature control after an equilibration time of 120 s at each step of
1.0 °C.

B RESULTS AND DISCUSSION

Polymer Characterization. The purified POEGMA
copolymers appeared transparent with a well-defined structure
and a monomeric composition close to the feed ratio (Table
1). This was confirmed by the integration of the 'H NMR
signal at 3.75—348 ppm (spectra shown in Figure 1) that
corresponds to the methylenic protons from the EO groups.™
The conversion was calculated by "H NMR (more detail can
be found in the Supporting Information). Pietsch et al.*” found
that the EO,;MA is more reactive than EQO,MA under
reversible addition—fragmentation chain transfer (RAFT)
polymerization conditions, and then the POEGMA copoly-
mers should exhibit a monomer gradient along the polymer
chain that gradually changes from a high EO;(MA content to a
high EO,MA content during the polymerization. The number-
average molecular weight (M,) and dispersity (P = M,./M,) of
each polymer were determined by GPC in THF using a
polystyrene standard calibration curve, shown in Table 1 and
in the Supporting Information Figure S2. Since polystyrene has
a different hydrodynamic volume in THF than POEGMA

copolymers, a deviation between theoretical and experimental
number-average molecular weight was observed. Moreover,
copolymers with longer EO side chain monomer behave as
comb-shaped polymers and have significantly smaller hydro-
dynamic radii when compared to the PS calibration standards.

All polymers were synthesized by either normal ATRP or
ARGET methods. ATRP is a reversible-deactivation radical
polymerization that enables the control over molar mass with a
dispersity (D = M,/M, ) typically below 1.5°” ARGET, a more
elaborate technique, uses a copper concentration around 40
times lower than the normal ATRP, yielding less copper
contamination after purification. Moreover, the reducing agent
(Sn(EH),) makes the reaction less sensitive to the presence of
oxygen at lower concentrations. All these features enable the
development of tailored “smart” functional copolymers with
controlled architecture and microstructure, with control over
the molar mass and dispersity on an industrial scale achieving
superior performance.’’

Higher dispersity values have also been observed for other
POEGMA polymerizations,"”***"** and in our case it might
also be due to the complex polymerization of three monomers
by normal ATRP. It is worth mentioning that the somewhat
broader dispersity did not affect the thermal-induced self-
assembly properties of POEGMA,” as indicated by the
copolymers prepared via the free radical polymerization. The
main advantage of using the ATRP technique in this study is to
produce controlled polymer architecture that enables a
systematic study on the effects of the EO side chain.

POEGMA Particle Size As a Function of Temperature
and Time. The number-weighted DLS curves for the
P(EO,MA-w-EO,sMA) copolymer as a function of temper-
ature are shown in Figure 2A. In this experiment, the sample
was heated from 18 to 50 °C, with measurements in steps of
1.0 °C (Figure S3B). At each step, the sample equilibrated at
the temperature for at least 5 min, and after an equilibration
time of 120 s, three measurements were performed, and the

https//dx doi.org/1 01021/ acs langmuir. 002538
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average results were plotted. At temperatures below the critical
temperature, the copolymer displayed a random coil
conformation with a particle apparent hydrodynamic radius
(R,) of approximately 3 nm. The thermally induced phase
transition of P(EO,MA-co-EO,MA) copolymer in water
occurs in a multistep aggregation process.ﬁ First, upon
heating, the hydrophilic EO side chains become less hydrated
and collapse onto the hydrophobic backbone, achieving a Ry of
around 2 nm at the cloud point (29 °C, determined by the size
distribution curves from DLS measurements, please see Figure
S3A), as also reported by Lutz and co-workers.” As the
temperature was further increased, the dehydrated copolymer
chains began to aggregate and concomitantly underwent a
reorganization of the collapsed EO side chains exposing the
polar ether oxygen groups to the outside of the aggregate,
forming a loose dense structure with an Ry, of 40 nm. Upon
further increase beyond 31-32 °C, the longer EO side chains
rearranged allowing the EO groups to interact with water
forming the outer layer of the aggregate while the short EO
side chains remain closer to the backbone, forming the denser
hydrophobic core of the micelle structure with an Ry, of around
9 nm. The coil-globule phase transition was reversible. The
cooling process (Figure S3A) followed a different pathway
from the heating process, similar to the behavior reported for
the PNIPAM-g-PEQ copolymer.”* The aggregate structure is
uniform and becomes swollen via the rehydration of EO
moieties during the cooling process, in contrast to the heat-
induced shrinking process.

This behavior resembles that of other associating alkoxylate
block copolymers, such as the PEO—PPO—-PEO, which
aggregate upon heating, forming well-defined micelles due to
PO chain dehydration. For these triblock copolymers, the
phase transition is associated with the critical micelle
temperature (CMT), which is similar to the critical micelle
concentration. For the P(EQ,MA-co-EQ,sMA) copolymer a
similar behavior was observed, and the CMT for this
copolymer at S mg mL™" was approximately 29 °C (from
DLS measurements).

In another experiment, the sample was conditioned at room
temperature and placed in the sample holder when the
equipment was equilibrated at the CMT of 29 °C. The
measurements were performed over 20 h, and the aggregate
size was determined after an equilibration time of 120 s. Figure
2B shows the evolution of aggregate size as a function of time,
and the DLS results revealed that the thermal-induced
aggregation process is associated with a slow and complex
kinetics. At the CMT, the P(EO,MA-co-EOQ;MA) copolymer
first formed a large structure that rearranged into smaller
aggregates consisting of several dehydrated copolymer chains
in a collapsed globule state. It should be noted that even up to
20 h at 29 °C, the system did not reach an equilibrium, with a
particle radius of around 10 nm, as observed in the experiment
raising the temperature (please see Figure 2A). The long
equilibration time is a commonly observed behavior for
thermoresponsive polymers,” and it might be due to two
factors: the complex dehydration process of the polymer
moieties” and the presence of slightly more hydrophobic
copolymer chains®® present in the heterogeneity of the
polydisperse POEGMA copolymer.

Additional DLS measurements were conducted for all nine
POEGMA copolymers prepared in this study, below and above
their CMT, and all results are shown in Table S2. For selected
entries we also measured the particle size after 24 and 48 h

maintained above their CMT to validate the same trend
observed for the P(EQ,MA-co-EQ,sMA) copolymer (entry 2),
shown in Figure 2B. These data show unimer size with a range
of Ry, from approximately 5 to 20 nm when the POEGMA
copolymer is fully solubilized below the phase transition
temperature, and upon heating above the CMT a large
aggregate with a Ry around 50—180 nm, which rearranges with
time into smaller aggregates, is found, similar to the behavior
noticed for the P(EO,MA-co-EQ,sMA) copolymer (entry 2).
It is worth mentioning that the most appropriate micelle
particle size is the R, value measured after a prolonged
equilibration time. In addition, the Ry, value of the micelle
formed by each macromolecule agrees with their EO group
content.

Above the LCST, when displayed by the POEGMA
copolymer, macroscopic phase separation occurred with
eventual settling of a concentrated white gel phase rich in
copolymer when the solution was maintained above this
temperature, as seen in Figure S4. Overall, these results
confim the behavior discussed above: the copolymers appear
as nonaggregated molecules at low temperature, and upon
increase in the temperature, some form well-defined micelles at
a certain CMT, while at higher temperatures macroscopic
phase separation is observed, associated with a LCST.

One of the characteristics of the micelles formed by thermal-
induced aggregation of POEGMA is the formation of a
hydrophobic core. In order to assess this feature, we used the
solvatochromic Reichardt’s dye that changes color according to
the polarity of the solvent.”” The shift to higher A, values
indicates a decrease in the local polarity. The formation of
micelles was confirmed by the reversible shift of A, of
Reichardt’s dye with temperature in aqueous POEGMA
solution. Figures 2C and D show the shift from ca. 516 nm
(below the CMT) to 551 nm at 50 °C (above the CMT),
where the color changed from pink to purple due to changes in
the polarity around the dye. A very similar color (represented
by its Ay) was reported for the micellization of a series of
PEO—PPO—PEO block copolymers, suggesting a similarity
between the micelles of POEGMA and of block copolymers.

Characterization of the Copolymer Micellar Aggre-
gate by SAXS Measurements. The SAXS data provide
information on the size and shape of the scattering objects, and
the measurements were performed to elucidate the copolymer
structure below and above the CMT. Figure 3 shows the
experimental SAXS curves of P(EQ,MA-co-EQ,;MA) copoly-
mer below and above the CMT. The SAXS data at 25 °C (i.e.,
below the CMT) could be fitted with the Gaussian model with
an average gyration radius (Ry) of 5.2 nm (blue curve in Figure
3) indicating that the copolymer chains assume a Gaussian
chain conformation. However, a different curve was obtained
for the sample above the CMT (red curve in Figure 3). Two R,
were determined by fitting the SAXS data using the Beaucage
method” and assuming the aggregate is a fractal object (ie.,
macromolecular globules in a hierarchical arrangement) with
two levels of aggregation. The thermal-induced aggregation
process yielded particles with a fractal nanostructure with R,
around 30 + 3 nm (correspondjng to the second association
level) comprised of several smaller collapsed objects with Ry,
of 29 + 0.1 nm (related to the first association level). For
P(EO;MA-co-EOsMA-co-EOQsMA) containing a molar ratio of
94:5:1 of EO,:EQ;:EQ,; side chains (entry 3), the SAXS data
(shown in Figure S5) suggested a similar behavior: R, of
approximately 6.9 nm for the completely soluble copolymer
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Figure 3. SAXS data obtained from the 5.0 mg mL™' aqueous
solutions of the P(EO,MA-co-EO,;sMA) 99:1 copolymer (blue O)
below (T =25 °C) and (red &) above (T = 37 °C) the CMT. Blue
data fitted as a spherical model (R, = 5.2 nm) and red data fitted with
the Beaucage method (R, = 30 nm, R, = 2.9 nm).

(below CMT) and two gyration radii of 2.8 + 0.1 and 26 + 4
nm for the fractal copolymer aggregate (above the CMT).
Thermosensitivity of P(EO;MA-co-EOsMA-co-EQ,;sMA)
Copolymers Aqueous Solutions Assessed by Turbidim-
etry and Calorimetry. Turbidimetry measurements allow a
direct determination of the solutions’ cloud point, ie., the
temperature when the solutions become cloudy (indicated by a
reduction in the transmittance). On the other hand, HSDSC
measurements allow the determination of the temperature at
which polymer chain dehydration occurs and the associated
energetics of this process. It has been shown in the literature
that for thermosensitive polymers such as PNIPAM, phase
separation and dehydration occurred simultaneously, sup-
ported by data from both techniques.*” For block copolymers
that micellize, such as PEO—-PPO—PEQO, the changes in
turbidity agreed with the endothermic peak ascribed to
polymer dehydration determined with HSDSC,"** allowing

the determination of CMT values and elucidating the driving
forces for micellization. In addition to the endothemmic
dehydration process of the copolymer, there is a larger entropy
increase due to the release of water molecules that were
solvating the hydrophobic moieties of the polymer (in our case
mostly methacrylate and less polar EO groups above their
LCST), and thus this should be also an entropy-driven
pmcess.z’]ﬂ

We prepared aqueous POEGMA copolymer solutions using
cold water and keeping it overnight at 8 °C prior to
measurements to ensure that an equilibrium condition was
reached. The thermal behavior of the copolymers was
determined by turbidimetry and calorimetry, revealing that
the cloud point increased with increasing EO content on the
side chains of POEGMA copolymers (Figure 4). In all cases,
the phase transitions were reversible, as indicated by
superimposable curves for successive heating measurements
(please see Figure S6). Similar behavior was observed
previously by Percebom et al™ when using the same
techniques to investigate another POEGMA solution.

The transition temperature for the P(EO,MA) homopol-
ymer (entry 1) and the P(EO,MA-c0-EO,;MA) copolymer
(entry 2) were 20.0 and 26.5 °C, reshecti\rely, which agreed
with previously reported results.”*™ The P(EO,MA-co-
EOMA-c0-EQ,;MA) copolymers with different content of
EOMA and 1 mol % EO,;MA content displayed a transition
temperature of 31.0, 34.5, 40.5, and 46.0 °C, respectively, for $
(entry 3), 10 (entry 4), 20 (entry ), and 30 mol % (entry 6)
of EOsMA. As expected, the higher the EO content, the greater
the copolymer cloud point.

Interestingly, different transmittance curve profiles were
obtained for each set of POEGMA compositions. On the one
hand, an abrupt reduction of transmission from 100 to 0% was
observed for solutions of P(EO,MA) homopolymer and
P(EO,MA-co-EOMA-co-EOQ,;MA) copolymers with EO.MA
side chain content above 20 mol %. On the other hand, the
transmittance decreased to less than 50% and then increased to
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Figure 4. (A) Turbidimetry and (B) HSDSC curves of 5.0 mg mL™" aqueous solutions of the (purple &) P(EO,MA) homopolymer (entry 1) and
P(EO,MA-co-EO;MA-co-EO ; MA) copolymers with [EQ,MA]:[EOMA]: [EO ;MA] molar ratios of (blue &) 99:0:1 (entry 2), (green A) 94:5:1
(entry 3), (orange A) 89:10:1 (entry 4), (red &) 79:20:1 {entry 5), and (pink A) 69:30:1 (entry 6). Turbidimetry heating rate = 0.5 °C min™!, 4
= 500 nm. HSDSC heating rate = 1.0 °C min~". (C) Photographs of aqueous POEGMA solutions: the first flask is a representative picture of all
samples at 20 °C (all aqueous polymer solutions were equally clear transparent at this temperature) and flasks of aqueous POEGMA solutions

(indicated by the colored bottom line) at 45 °C.
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Figure 5. (A) Turbidimetry and (B) HSDSC curves of 5.0 mg mL™" aqueous solutions of the (purple &) P(EO,MA) homopolymer (entry 1) and
P(EO.MA-co-EO,,MA) copolymers with EO,MA:EQ,,MA molar ratios of (green A) 99:1 (entry 7), (orange A) 95:5 (entry 8), and (red A)
90:10 (entry 9). Turbidimetry heating rate = 0.5 °C min~', 4 = 500 nm. HSDSC heating rate = 1.0 °C min™". Inset photographs: aqueous

POEGMA solutions (indicated by the colored bottom line) at 45 °C.

about 80% for the P(EO,MA-co-EO;MA-co-EQ,sMA) copoly-
mers with EO;MA side chains up to 10 mol %.

HSDSC curves (Figure 4B) show that the critical temper-
ature followed the same trend as the cloud point, although the
endothermic transition peak (T,,,,,) commenced at a slightly
lower temperature compared to the cloud point measurements.
This difference is due to the fact that a larger amount of
collapsed polymer chains is required to produce a solution
turbidity that could be detected by the UV—vis compared to
the more sensitive HSDSC and was also reported for other
thermosensitive polymers.*** The calorimetric data contained
asymmetric endothermic peaks with a long tail indicating
consecutive processes of dehydration of polymer chains and
aggregation, as shown by the deconvoluted HSDSC curve in
Figure §7. The enthalpy changes (AH) of the phase transition
processes are 26.3, 199, and (15.9 + 0.6) ] g'l for P(EO,MA),
P(EO,MA-co-EO,;MA), and P(EO,MA-co-EO MA-co-
EO,MA) (the last one with different monomer ratios),
respectively. Furthermore, the HSDSC curves possessed
similar profiles for all the copolymers studied, which were
different from those observed in turbidimetry, indicating that
the energetics of the processes are identical, other than a
monotonic change of cloud point and enthalpies of transition
as a function of the polymer structure.

The aggregation behavior displayed by the copolymer
solutions depicted by the increase in the transmittance after
the initial decrease upon heating (as shown in Figure 4A)
resembled the aggregation of the P(EO,MA-co-EO,;MA) 99:1
copolymer discussed earlier. Based on the same arguments, we
propose that they form micelles at the CMT, after which they
remain essentially unchanged. The copolymer solutions that
possessed an abrupt reduction in transmittance displayed a
macroscopic phase separation that is associated with the
copolymer dehydration. The fact that the energetics of the
phase transition did not differ significantly for the two groups
of copolymers suggests that the most intense enthalpic
contribution is associated with the dehydration of groups
that form the core of the copolymer aggregates, similar to that
reported for PEO—PPO—-PEO copolymers.”’

Thermosensitivity of P(EO;MA-co-EO;,MA) Copoly-
mers by Turbidimetry and Calorimetry. A peculiar
behavior was observed for the POEGMA system comprised
of the comonomer EO,MA. Figure 5A shows the turbidimetry
results of the P(EO,MA-c0-EQ,,MA) copolymers with 1, §,
and 10 mol % EO,MA. As expected, the higher the EO

content, the greater is the copolymer transition temperature.

15024

Again, the difference lies in the profiles of the transmittance
curves. The P(EO,MA-co-EO,,MA) copolymers with
EO,MA:EO,;MA molar ratio of 99:1 (entry 7) displayed a
transition temperature of 21.5 °C with a curve profile similar at
a temperature slightly higher than the P(EO,MA) homopol-
ymer (200 °C) (no alteration on the transmittance 0% was
observed up to 50 °C, and the data were omitted in the graphic
to facilitate reading). In a different manner, the P(EO,MA-co-
EO,MA) copolymers with EO,MA:EOQ,,MA molar ratios of
95:5 (entry 8) and 90:10 (entry 9) displayed a different
transmittance curve profile, with two transitions. In these cases,
for the EO,MA:EO, MA molar ratios of 95:5 and 90:10, a first
transition occurred at 32.0 and 39.0 °C followed by a second
transition at 47.5 and 53.5 °C, respectively, with an abrupt
decrease to 0% transmission.

The HSDSC results (Figure 5B) show that the AH values of
the phase transition processes were 23.5, 14.0, and 49 ] g~ for
the P(EO,MA-co-EQ,,MA) copolymers with 1, §, and 10 mol
% of EO, MA content, respectively—a difference of around
9.3 ] g in the AH for each increase of EO moieties in the
copolymer chain. Moreover, very interestingly, the HSDSC
peak of the P(EQO,MA-co-EOQ,;MA) copolymer with 10 mol %
of EQ,,MA displayed an apparent separation into two peaks
that began at temperatures close to the temperature of each
transitions observed by turbidimetry measurements. Following
the previous discussion for the other copolymers, the first peak
should be related to the formation of copolymer micelles,
followed by macroscopic phase separation.

The Phase Transition Temperature and Energy. In the
literature, the term “lower critical solution temperature”
(LCST) is commonly used indiscriminately for both macro-
scopic and microscopic phase separation. However, the former
is the lowest temperature where a macroscopic phase transition
occurs at a specific lower critical solution concentration
(LCSC) of the binodal curve in the phase diagram, while the
transition temperature value (regardless of the LCSC) is the
cloud point temperature. For further details, please see refs 35
and 45. On the other hand, microscopic phase separation is in
fact the reaching of the critical micelle temperature (CMT).
Depending on the architecture and composition of the
POEGMA copolymers, only one phase transition (micro- or
macroscopic phase separation) occurs, and in some other
cases, both are present and micellization precedes macroscopic
phase separation upon heating. Therefore, it is important to
delineate the different processes, where the cloud point and
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CMT refer to the macroscopic phase separation and micelle
formation, respectively.

Although there is no great difference among the energetics
of phase transition for the different aggregates formed, the
phase transition AH values decreased with the EO content, as
shown in Figure 6. A linear decrease of AH values was
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Figure 6. Enthalpy change versus EQO/MA ratio for each polymer:
(M) P(EO,MA) homopolymer (entry 1), (4) P(EO,MA-co-
EOMA) 99:1 copolymer (entry 2), P(EO,MA-co-EO;MA-co-
EO,MA) copolymers with [EQO,MA]:[EOMA]:[EO;sMA] molar
ratios of (blue A) 94:5:1 (entry 3), (blue W) 89:10:1 (entry 4), (blue
) 79:20:1 (entry 5), and (blue ) 69:30:1 (entry 6), and
P(EO,MA-co-EO5,MA) copolymers with [EO,MA]:[EO,MA]
molar ratios of (red ®) 99:1 (entry 7), (red O) 95:5 (entry 8),
and (red ©) 90:10 (entry 9).

observed with the EO to MA molar ratio of the P(EO,MA)
homopolymer and copolymers comprised of EO,y or EQy
with EO; monomer (black and red data points in Figure 6).
Surprisingly, a roughly constant AH value around 15.9 + 0.6 ]
g ' was displayed for more complex copolymers with three
monomers bearing EO,, EQ;, and EQy; side chains (blue data
points in Figure 6). This unexpected effect is not fully
understood at this moment but might be due to the increased
local EO crowding caused by the EO;, decreasing the
hydration of the EO moieties and consequently decreasing
their individual dehydration energy.* It is worth mentioning
that the contribution of the entropic effect for the phase
transition processes might be smaller as the copolymer
solubility increases with higher EO groups content, and the
chain conformation in solution of these larger copolymers
becomes constricted.

Aggregate Structures Formed above the Critical
Temperature. In order to provide a better understanding of
the aggregate structure and phase transition processes, we
performed light scattering and SAXS measurements using the
copolymer P(EO,MA-co-EQ,;sMA) (entry 2) as a model (and
the DLS results trend was confirmed for other POEGMA
copolymers, please see Table S2). The thermal behavior in
aqueous solution of all other POEGMA copolymers with
different architectures and compositions was characterized by
turbidimetry and calorimetry (HSDSC).

Depending on its architecture and composition, POEGMA
copolymers formed different aggregate structures, such as
micelles or large phase-separated aggregates. In all cases, the
copolymer was hydrated and soluble below its critical
temperature. Upon heating, it underwent a phase transition
forming aggregates comprised of dehydrated copolymer chains
which eventually precipitated out of the solution (macrophase

separation) or self-assembled into a hierarchical nanostructure
forming a micelle (microphase separation), as shown in Figure
S4.

When macroscopic phase separation occurred, SAXS
analyses revealed the polymer-rich phase was not structured,
in contrast to what was observed for PEO-PPO-PEO
copolymers that phase separated into liquid crystalline
mesophases. A similar observation was reported for a different
POEGMA copolymer indicating no structuring was observed
in the concentrated solution.”’ In detail, the dehydrated EO
groups from the shorter side chains collapsed with the
hydrophobic methacrylate backbone while the EO groups
from the longer side chains remained hydrated, imparting the
amphiphilic behavior to the block copolymer (see inset of
Figure 3). Several copolymer chains self-assembled into a
micelle-like structure consisting of a hydrophobic core and a
hydrophilic PEG corona.

Micelle Formation and Its Structure. The p-ratio, p =
Ry /Ry, provides additional information on the morphology of
the scattering objects, with predicted values varying from 0.778
for spheres®” to 1.16 for random coils.” The p-ratio values for
P(EO,MA-co-EO,MA) were 1.12 and 0.92 at 25 and 37 °C,
respectively. The decrease in the value of the p-ratio above the
CMT suggests a shift from a random coil configuration to a
collapsed fractal structure that was denser, signifying that there
was less trapped water than below the CMT when the polymer
chains were fully hydrated.

Using the particle size data from SAXS measurements
(Figure 3) and the relationship of radius with volume (V = 4/
3ar’), it is possible to estimate the volume of the individual
collapsed copolymer chain and of the micelle. Considering that
the volume of the micelle was comprised of the sum of all the
collapsed copolymer chains above the CMT, and assuming the
complete dehydration with no trapped water, we could
estimate that the micellar aggregate was composed of
approximately 1100 individual copolymer chains.

In terms of a microstructure based on the observed
similarities with the micellization of PEO—PPO—FEO block
copolymers, we propose that the POEGMA copolymer
micelles were composed of a core of mostly dehydrated
methacrylate backbone surrounded by a corona consisting of
hydrophilic EO chains. This picture was confirmed by the
results obtained with the solvatochromic dye that indicated a
less polar solubilization environment, very similar to the ones
reported for the PEO—PPO—PEO micelles. One remarkable
finding of this study is, under isothermal conditions and close
to their CMT, the macromolecular association forming
copolymer micelles could take more than 20 h to reach
completion when maintained at this temperature, although this
phase transition process was accelerated by increasing the
temperature. In order to ensure that this object is in
thermodynamic equilibrium, different pathways were used
(e.g, different heating rates, heating vs cooling processes, etc.)
(please see Figure S6), and identical and superposable curves
were always obtained, reinforcing the proposal of formation of
an equilibrium micelle. The hysteresis between the heating and
cooling processes (Figure S6B) may be assigned to the
additional energy required to disrupt intrachain hydrogen
bonding in the collapsed copolymer chains.

The CMT measurements suggested the formation of
micelles at the same temperature as determined by other
techniques, such as DLS, turbidimetry, and microcalorimetry.
The maximum absorption wavelengths (4,,,) of Reichardt’s
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Scheme 2. Effect of Collapsed Backbone Size and Length of the Longer Side Chain and Its Content on the Formation of

POEGMA Aggregate in a Micelle or a Phase Separation”
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“(a) Soluble polymer chains existing as unimers in solution below critical temperature; (b) transmittance curve profile through the phase transition;
() individual polymer chain above a critical temperature; and (d) type of phase transition and a not-to-scale representation of the resulting particle

(macroscopically phase-separated aggregate or micelle).

dye in aqueous P(EO,MA-co-EO,;MA) solution above the
CMT were close to values obtained for block copolymers and
normal surfactant micelles,” indicating the same polarity for
the POEGMA micelle. Moreover, the size of spherical micelles
formed by P(EO,MA-co-EOQ,;MA) (this work) was similar to
that reported for different block copolymers®** including the
PEO—PPO—PEO block copolymers.” These similarities
suggest potential applications for POEGMA aggregates that
were similar to those reported for other block copolymers,
such as controlled release systems, as reported by Magnusson
et al®? using saline and kosmotrope solutions to trigger the
release of trapped molecules.

POEGMA Micellization vs Phase Separation. In the
present study, different profiles were determined for changes in
turbidity upon heating, which are ascribed to different
aggregation pathways. An abrupt decrease from 100% to 0%
transmission indicated a macrophase separation, as displayed
by the P(EQ,MA) homopolymer and P(EQ,MA-co-EO;MA-
co-EO,sMA) copolymers with EO;MA side chains more than
20 mol %. In addition to the increasing cloud points, the
incorporation of the longer EO,MA side chain in the
P(EQO,MA-co-EQ,sMA) altered the phase behavior from
macro- to microphase separation, the latter resulting in micelle
formation. In this case, there is a transmittance reduction
associated with the formation of a transient large aggregate
structure that reorganized into a micellar structure, as reported
previously.”® Further copolymerization of P(EQ,MA-co-
EO;MA-co-EQ,sMA) with EO;MA side chains up to 10 mol

15026

% increased the micelle formation temperature but did not
alter the type of aggregation. Above this content, the
copolymer underwent a macroscopic phase separation when
the critical temperature was exceeded. Micelle formation upon
heating was observed in the majority of block copolymers,*
and the present results highlight a convenient approach to
prepare micelles using a random copolymer.

For the P(EOQ,MA-c0-EO, ) copolymers, a different
behavior was observed for the compositions consisting of § and
10 mol % of EO,MA, which displayed an unusual trans-
mittance curve profile of double phase transitions at two
critical temperatures. The first transition is associated with the
micelle formation at a CMT, and the second transition (cloud
point) corresponds to the macroscopic phase separation and at
a higher temperature. In this case, the micelles are stable only
within a narrow and tunable temperature range. Similar
behavior has been previously reported for highly concentrated
(100 mg mL™") POEGMA aqueous solution™ but not at as
low of a concentration as 5.0 mg mL™" (this study). This rich
behavior opens up a series of possible applications for these
copolymers, where by heating or cooling, one could reversibly
interchange dissolved polymer chains, their micelles, and
macroscopic phase separation, associated with the incorpo-
ration/release of hydrophobic cargo or easy removal upon
separation of immiscible phases.

It is interesting that calorimetry (in this case HSDSC),
which is regarded as a very sensitive technique, is not
conclusive in discriminating which different phase transitions
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take place, as evident from the results shown in Figures 4 and
5. Large enthalpy changes (endothermic process) were
associated with the macroscopic phase separation when it
occurred prior to micellization. Smaller, but still positive,
values are associated with micellization, which relates to the
partial dehydration of the backbone and EO units. However,
the macroscopic phase separation observed after micellization
involved smaller enthalpy changes, an indication that this event
is associated with fewer, but crucial, dehydration processes (as
the majority of the dehydration process occurs during the
micellization) in addition to entropic effects mentioned earlier.

Structure Formed above the Critical Temperature.
The particular behavior of POEGMA random copolymers is an
effect related to both volume of collapsed backbone and EO
side chain length. The present results show that it is possible to
control the type of aggregate structure (micelle or phase
separation) at a certain temperature by adjusting the content
and length of EO side chains. In Scheme 2 we depict a pictorial
representation of the different processes observed upon
heating and the effect of collapsed backbone volume and of
EO side chain length.

The different copolymer configurations in solution may be
related to POEGMA hydration. At low temperature, although
the MA backbone is less polar, copolymer solubility is
promoted by the very favorable hydration of EO blocks.
Therefore, the ratio between these components is important
for the solution behavior of POEGMA in water. As
temperature is increased, the EO blocks tend to become less
hydrated, and as a consequence, polymer—polymer interaction
begins to dominate over the polymer—water interactions.'
The P(EQ,MA) homopolymer, the compound with the lowest
EO content, phase separates at around 20 “C. The addition of
1 mol % EO,; increased the hydrophilicity of the copolymer,
thereby increasing the phase separation temperature. The
dehydration of EO groups reaches a condition where the
micelles are formed upon heating, an indication of the partial
dehydration of EO groups; however, there is still a significant
copolymer—water interaction of the EO segments at the
corona that ensures the aggregate solubility and stability.

By the addition of EO; to the copolymer structure, the phase
transition temperature was increased. However, as more EO,
was incorporated, the dehydration of EO groups did not lead
to the formation of aggregates; instead, it led to macroscopic
phase separation. From this observation, one could conclude
that an increased ratio of EO to MA groups did not favor the
balance of interactions necessary to form POEGMA micelles
but, instead, the solubility of the copolymer yielding individual
chains that phase separated at a higher temperature.

A more complex behavior was observed when comparing
copolymers with increasing amounts of EOy; side chains. In
this case, at lower EQ,, contents, macroscopic phase
separation occurred, with no micelle formation. At higher
EO,; contents, micelles were formed upon heating and
macroscopic phase separation occurred at higher temperatures,
confirming that they were consecutive phase transitions.

Overall, whether micelles or macroscopic phase separation is
observed will depend not only on the temperature but more
importantly on the EO groups remaining hydrated to form the
micelle corona; otherwise, phase separation will occur. A
similar result was reported by Sezonenko and co-workers,™ for
an arm star block copolymer with a hydrophobic dehydrated
core and hydrophilic outer surface capable of forming micelle,
whereas the opposite arm block, with a hydrophilic core and

dehydrated hydrophobic at the periphery, formed a precipi-
tated aggregate in water upon heating.

This sequence of events (micelle formation and macroscopic
phase separation) and the dependency on the ratio of polar
and apolar groups are also observed for PEO—PPO—PEO
copolymers, for the latter represented by the EOQ/PO ratio.
The only major difference is that macroscopic phase separation
for PEO—PPO—PEO copolymers is mostly associated with the
formation of mesophases, a typical surfactant-like behavior due
to their amphiphilic structure.”** For these POEGMA random
copolymers, however, no liquid crystalline structure was
detected in the phase-separated phases.

B CONCLUSIONS

This study describes a detailed energetic and structural
characterization of the phase transitions displayed by different
compositions of aqueous POEGMA copolymers solutions. The
results demonstrated that the collapsed backbone volume, EO
side chain length, and its content in the copolymer
composition determined the temperature-induced transitions,
leading to micelle formation or macroscopic phase separation
while, in some cases, the two events were observed
consecutively. These POEGMA micelles resembled those
formed by other copolymers, most notably PEO—PPO—PEO
copolymers; however, our study indicated that micelles could
be formed by random copolymers, which are typically easier to
synthesize. Therefore, for this family of copolymers, reversible-
deactivation radical polymerization could be used to tailor
copolymer architecture envisaging specific aggregation states at
certain temperatures and a specific sequence of phase
transitions. In addition, the reversible transformation of the
state of the polymer solution upon heating and cooling could
allow for the control over properties, such as incorporation/
release of hydrophobic molecules (e.g, drugs, fragrances,
pesticides, catalyst) or dissolution/recovery by phase separa-
tion of potential relevance for a variety of processes.
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Experimental details

Materials

Di(ethylene glycol) methyl ether methacrylate (EO-MA) (M, = 188 g mol ') and
oligo(ethylene glycol) methyl ether methacrylate (EO,MA, n = 5, 20 and 45 EO units,
M, =300, 950 and 2,080 g mol!, respectively) (from Sigma-Aldrich) were passed through an
alumina column prior to use, to remove inhibitors. Copper(I) bromide (CuBr, Aldrich,
99.999%),  copper(Il)  bromide (CuBr2, Aldrich, 99.999%), N,N,N',N",N"-
pentamethyldiethylenetriamine (PMDETA, Aldrich, 99%), tris(2-pyridylmethyl)amine
(TPMA, Aldrich, 98%), tin(Il) 2-ethylhexanoate (Sn(EH)., Aldrich, >92.5%), ethyl o-
bromoisobutyrate (EBiB, Aldrich, 98%), and ethanol (Aldrich, reagent grade), were used
without further purification. Propargyl 2-bromoisobutyrate (PBiB) was kindly supplied by Dr.
Hairong Wang (Soochow University, China) synthesized following the method described
elsewhere!, and characterized by NMR spectroscopy (Figure S1).

a a
HyC  CHj

c
Br S~——=CH

4.7 ppm 2.45 ppm 1.90 ppm

cpcl b
’ )

7

4 1
f1 (ppm)
Figure S1. 'H NMR spectrum of the synthesized propargyl 2-bromoisobutyrate (PBiB)

(CDCls, 6, ppm, TMS, 300 MHz): 4.7 (2H, ~CH,0), 2.4 (1H, -C=CH), and 1.9 (6H, —
C(CHs)2Br).

[

Copolymers synthesis

All copolymers were synthesized using the atom transfer radical polymerization
(ATRP) method according to previous reports>* with modifications. Typical procedures for
the synthesis conducted by normal ATRP and by activators regenerated by electron transfer

(ARGET) ATRP are described in the sequence.
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Normal ATRP. A Schlenk flask was charged with CuBr (2 equiv) and PMDETA
(4 equiv), sealed with a septum and purged with argon for 30 minutes. A degassed mixture of
the monomers as described in Table 1 (please refer to the full article) (100 equiv total), and
ethanol (monomers/ethanol ~1:1.25 v/v) was added through the septum with a double-tipped
needle into the flask and purged once more with argon for 30 min. The reaction system was
heated to 60 °C and polymerization was started by adding PBiB (1 equiv).

ARGET ATRP. A Schlenk flask was charged with monomers as described in
Table 1 (please refer to the full article) (100 equiv total), CuBr> (0.05 equiv), TPMA (0.2
equiv), Sn(EH) (0.1 equiv) and ethanol (monomers/ethanol ~1:1.25 v/v). N,N-
dimethylformamide (DMF) (Synth) (200 uL) was added to the mixture as a reference for
posterior '"H NMR analysis. The solution was purged with argon for 30 minutes and the reaction
system was heated to 60 °C. Polymerization was started by adding EBiB (1 equiv).

The reactions were stopped by removing the stopper from the flask, thereby
exposing the catalyst to air and turning off the heater. The reacted mixtures were purified by
dialysis against cold water for seven days (dialysis membrane molecular weight cutoff

12,000 Da, VWR Canada). Following, the final product was collected after freeze-drying.

Monomer conversion determination

The monomer conversion was calculated by the 'H NMR spectra of duplicate
reaction samples. These spectra were integrated using TMS (6 = 0.0 ppm) and DMF (6 = 8.02
ppm, assigned to one H from (CHj3),NCHO) as reference to normalize signals. Monomer
conversion was then calculated by the Equation S1, using the integrated signal at
6.14-5.59 ppm, assigned to the vinylic H of the monomers (CH>=C(CH3)COOR), as shown in
Table S1.

Equation S1

f VHfinal)

conversion = (1 —
[ VHe=
where VH is the integrated signal of vinylic H of the monomers at the end (VHjina) and at the

start (VH;—o) of the polymerization.

Dynamic light scattering measurements

We carried out dynamic light scattering (DLS) measurements of POEGMA
aqueous solutions at different temperatures in two different DLS instruments. The copolymer
P(EO2MA-co-EO4sMA) was analyzed in a Zetasizer Nano ZS (Malvern Instruments,
Worcestershire, UK), equipped with a He-Ne laser red (4 = 632.8 nm). Samples of
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1.0 mg mL™! aqueous P(EO2MA-co-EO45sMA) solutions were heated or cooled automatically
by the integrated temperature controller and an equilibration time of 6 min was set for each
temperature. The scattering intensities were detected at an angle of 173° after an equilibration
time of 120 s. Prior to the experiments, all the solutions were filtered through a 0.45 um

disposable filter.

Table S1. Monomer conversion calculated by the integrated signal of the vinylic H assigned
to the monomers at the end and start of the polymerization.

vinylic H integrated signal

Entry  Polymer VH: -0 VHfina  Conversion
1 P(MEO:MA) 10.28155 1.24290 0.88
7 P(EO2MA-co-EO20MA) 99:01 8.95210 0.27245 0.97
8 P(EO:MA-co-EO20MA) 95:05 9.12605 0.26570 0.97
9 P(EO2MA-co-EO20MA) 90:10 8.90555 0.67065 0.92

Size distributions were analyzed by the equipment’s software (Zetasizer Software
7.11) using inverse Laplace transformation method and Non-Negative Least Squares (NNLS)
algorithms. The apparent hydrodynamic radius (Rn) values were number-weighted using the
dn/dc for P(EO2MA-co-EO4sMA) in water at 25 °C (7.445x1072 mL g ') determined using a
Brookhaven BI-DNDC differential refractometer. Additional DLS measurements were
performed on a CGS-3-based compact goniometer system (ALV-GmbH, Langen, Germany)
equipped with a detection system in a pseudo—cross-geometry, with a 22 mW He—Ne laser
(L = 632.8 nm) and an ALV 7004 multi-tau correlator. Samples of 1.0 mg mL™' aqueous
POEGMA solutions (please see Table S2) were prepared, filtered through a 0.22 um disposable
syringe filter, and placed in capped test tubes previously washed with Hellmanex 3%. The
scattering intensities were detected at an angle of 90° and cis-Decalin was used as the refractive
index-matching liquid. The temperature was controlled at 20.00, 25.00, 37.00 or
45.00+0.01 °C. In both cases, the Ry was calculated according to the Stokes—Einstein equation:

kgT

Rh -
61N Dyapp

Equation S2

where kg is the Boltzmann constant, 7 is the absolute temperature, 7 is the viscosity of the
solvent (water) and Dapp is the apparent diffusion coefficient.
The DLS data of aqueous POEGMA solutions obtained on the ALV instrument

(Table S2) show unimer size with a range of R, from approximately 5 nm to 20 nm when the
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POEGMA copolymer is fully solubilized below the phase transition temperature, then upon
heating above the critical micelle temperature (CMT) an large aggregate with a R, around
50 nm to 180 nm, that rearranges with time into smaller aggregates, likewise noticed for the
P(EO2MA-co-EO45MA) (entry 2) as shown in Figure 2B (please refer to the full article). Above
the lower critical solution temperatures (LCST), when displayed by the POEGMA copolymer,
macroscopic phase separation occurred with eventual settling of a concentrated white gel phase
rich in copolymer when the solution was maintained above this temperature, as seen in the
Figure S4. Overall, these results confirm the behavior already discussed in the manuscript: the
copolymers appear as non-aggregated molecules at low temperature and, upon increasing
temperature, some form well defined micelles at a certain CMT, while at higher temperatures
macroscopic phase separation is observed, associated to a LCST. Please note that, due to the
kinetics of the micelle formation, the most appropriate value for the micelle particle size is the

Ry value measured after a longer equilibration time, i.e. after 48 hours in these cases.

Small Angle X-ray scattering measurements

Small angle X-ray scattering (SAXS) measurements were performed at the SAXS1
beamline of the Brazilian Synchrotron Laboratory (LNLS) at the Brazilian Center for Research
in Energy and Materials (CNPEM), in Campinas, Brazil. The 5.0 mg mL ! aqueous copolymer
solution was added to a cell with two flat mica windows under water-bath temperature control.
Experiments were performed at 25 and 37 °C and the samples were kept at this temperature for
1 h prior to measurements. The distance between the sample holder and detector was 912 mm,
and the X-ray wavelength was 1 =1.550 A. Fit2D software® was used to integrate CCD images
and to subtract parasitic background and solvent scattering (blank) whenever necessary. The
resulting scattering data are presented as plots of intensity as a function of the scattering vector
(¢), where g = 41 sin(6/2) /A, 0 being the scattering angle and A being the wavelength.

The software SASfit 0.92.3 was used to apply the Gaussian model (Equation S3)
(incorporated to its library) to the SAXS data obtained at 25 °C.%’ The Beaucage method® was
employed to fit the SAXS data obtained at 37 °C. This data was fitted using a multi-level
unified model (Equation S4) implemented in the Irena package 2.57°!! running on Igor Pro
6.36 software'?. The best fittings for all curves are presented in Figure 3 (please see full article).
exp(—q®R2) + q*RZ — 1

(a°Rg)?

where /(q) is the scattering intensity, /o is the forward scattering for ¢ = 0, and Ry is the gyration

I(q) = Ip2 Equation S3

radius.
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Py

q Ry, 3\

n 2p2 —_2p2 (erf —=L

—q°Rg, q°R i [ ( )] )
I(q) = Z G; exp <g> + B; exp < & +1)> X V6 Equation S4

3 3 q

=1

where 7 is the number of structural levels observed in the scattering data, G is the
Guinier prefactor, and B is a prefactor specific to the power-law scattering, which is specified

by the exponent P.



55

Table S2. Critical micelle temperature (CMT), lower critical solution temperatures (LCST), particle size and polydispersity index (PDI) of aqueous
POEGMA solutions measured on an ALV instrument after 1, 24 and 48 h of equilibration at the specified temperature.

EO:MA/EOxMA/ CMT LCST T* Ru (PDI)/ nm
EOsMA/EOsMA  /°C /°C  /°C lh 24 h 48 h
Entry | P(EO.MA) 100/—/—/— — 200 20  10.4(0.6)
Entry 2 P(EO.MA-co-EO4sMA) 99/—/—/1 265 - 25 20.8(0.5)
37 45.9(0.3) n.d. n.d.
Entry 3 P(EOMA-co-EOsMA-co-EO4sMA) 94/-/5/1 310 - 25 9.7 (0.4)
45 75.0(0.1)  73.6(0.1)  54.6(0.2)
Entry4 P(EO.MA-co-EOsMA-co-EO4sMA) 89/~/10/1 345 - 25 7.8 (0.6)
45 47.6(0.08) 143.9(0.04)  92.2(0.2)
Entry 5 P(EO:MA-co-EOsMA-co-EO4sMA) 79/~/20/1 — 405 25 7.3 (0.5)
Entry 6 P(EO:MA-co-EOsMA-co-EO4sMA) 69/—/30/1 — 460 25 8.5 (0.5)
Entry 7 P(EO:MA-co-EOxMA) 99/1/~/— — 215 20 5.0 (0.4)
Entry 8 P(EO:MA-co-EOxMA) 95/5/~/— 320 475 25 9.3(0.5)
45 13.7(03) 1155(02)  111.6 (0.4)
Entry 9 P(EO:MA-co-EO3MA) 90/10/—/— 390 535 25 7.9 (0.6)

*Temperature of DLS measurement. n.d. = not determined.
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Extra figures

24 26 28 30 32 34 36 38
Retention Volume / mL

Figure S2. Normalized GPC traces of the (m) P(EO2MA) homopolymer, P(EO:MA-co-
EOsMA-co-EO4sMA) copolymers with [EO:MA]:.[EOsMA]:.[EO4sMA] molar ratios of
(m) 99:0:1, (m) 94:5:1, (m) 89:10:1, (m) 79:20:1, and (m) 69:30:1, and P(EO2MA-co-EO20MA)
copolymers with [EO2MA]:[EO20MA] molar ratios of (m) 99:1, (=) 95:5, and (m) 90:10.
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Figure S3. (A) Number-weighted and (B) intensity distributions of R, as a function of
temperature from DLS measurements of the P(EO2MA-co-EO4sMA) 99:1 copolymer during
heating and cooling processes. Measurements were performed at 6 = 173°, from 18 to 50 °C.
Data points are colored in blue (below CMT), green (at CMT) and red (above CMT).

Figure S4. Photographs of 1.0 mg mL™!' aqueous POEGMA solutions at 45 °C for 48 h.
(A) P(EO:MA-co-EO4sMA) 99:1 and (B) P(MEO:;MA). In the right-side image a zoom
showing the settling of the P(MEO2MA) above its LCST, which is not observed in copolymers

solutions above their CMT.
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Intensity / a.u.

g/nm™

Figure S5. SAXS data obtained from the 5.0 mg mL ™! aqueous solutions of the (o) P(EO:MA-
co-EOssMA) 99:1 and (A) P(EO:MA-co-EOsMA-co-EOssMA) 94:5:1 copolymers
(o A) below (T'=25°C) and (0 A) above (T'= 37 °C) the CMT.
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Figure S6. Confirmation of the thermodynamic equilibrium of the nanostructure formed above
LCST using different pathways. (A) Different heating rates and (B) sequential heating—cooling
processes during HSDSC measurements; and (C) sequential heating—cooling processes during
UV-vis measurements: identical and superposed curves.
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4. Enxertia de POEGMA na superficie da CNC

O objetivo neste capitulo foi estudar a formagao de hidrogéis a partir de celulose
nanocristalina com copolimeros da familia POEGMA enxertados na superficie, POEGMA-g-
CNC, produzindo materiais funcionais responsivos. Este trabalho ainda nao foi publicado na
literatura e continua sendo estudado pelo grupo de pesquisa. Em um estudo similar a este,
trabalhei também em colaboragdo com o César Brinatti, ¢ publicamos em 2019 na revista
Journal of Colloid and Interface Science o artigo intitulado Controlled coagulation and
redispersion of thermoresponsive poly di(ethylene oxide) methyl ether methacrylate grafted
cellulose nanocrystals [71]. Minha colaboragdo naquele trabalho foi a sintese de algumas

amostras, medida de HSDSC e discussdo dos dados. Este artigo na integra estd como anexo.

4.1. Introducao

A fim de reduzir a quantidade de derivados de petroleo, tém-se buscado a utilizagao
de polimeros naturais, de origem renovavel e sustentavel, onde a celulose nanocristalina (CNC)
se enquadra. Com modifica¢des em sua superficie, adaptando e adequando as suas propriedades
fisico-quimicas, a CNC tem sido extensivamente empregada na formacdo de hidrogéis e
aerogéis para as mais diversas aplicagdes [64].

Por exemplo, Lin e Dufresne [72] enxertaram ciclodextrina na superficie da CNC e
formaram um hidrogel supramolecular na presenca de um copolimero tribloco. A sintese de um
hidrogel em presenc¢a de uma fase quiral de CNC resultou em um hidrogel fotorresponsivo, que
manteve o ordenamento nemadtico quiral [73] O grupo de pesquisa da Profa. Emily Cranston
vem preparando hidrogéis e aerogéis de CNC para aplicagdes em sistemas purificadores de
agua [74], materiais supercapacitores [58, 75], além de aplicagdes biomédicas. Yang e
colaboradores [76] funcionalizaram a superficie da CNC com aldeidos preparando um hidrogel
injetavel para aplicagcdes biomédicas. Mais recentemente, De France e colaboradores [43]
demonstrou que a CNC promove um significativo reforco mecanico necessario aos hidrogéis
para aplicacoes biomédicas, em especial hidrogéis injetdveis anisotropicos, com potencial
aplicagdo para engenharia de tecidos ou musculos cardiacos, por exemplo.

Outros materiais “smart” foram preparados pela enxertia de PNIPAM em CNC,
resultando em aumento da estabilidade coloidal e em nanocompdsitos termorresponsivos [ 77—
79]. PNIPAM enxertado na superficie da CNC, PNIPAM-g-CNC, foi estudado pelos grupos de

pesquisa de Rojas e de Boluk [77, 79]. Verificou-se que as propriedades de agregacdo variam
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com a densidade do enxerto e com o grau de polimerizagdo bem como com a for¢a idnica da
solucdo. Além disso, a estabilidade coloidal de PNIPAM-g-CNC se d4 principalmente pelos
fatores estéricos do polimero enxertado do que pelas forgas repulsivas das cargas negativas de
superficie modificada da CNC. PNIPAM, no entanto, ndo ¢ um polimero biocompativel.
Poli(oxazolina) e POEGMA, por outro lado, apresentam biocompatibilidade além
das propriedades termorresponsiva e tém sido empregados tal qual no desenvolvimento de
hidrogéis [80—82], assim como combinado com a CNC ou enxertado sobre a sua superficie [51,
83, 84], mantendo suas propriedades térmicas [85, 86]. Os copolimeros derivados de oxazolina,
no entanto, sdo comumente sintetizados por polimerizacao catidnica por abertura de anel, o que
dificulta a sua copolimerizacdo com outros monomeros derivados de (met)acrilato, sendo
necessario, para isso, passos adicionais prévios a copolimerizacao [87, 88]. Os copolimeros da
familia POEGMA apresentam, portanto, a vantagem adicional de processo possibilitando a
reacdo direta com uma vasta gama de mondmeros vinilicos. Apesar do aumento recente do
numero de trabalhos publicados utilizando-se o copolimero POEGMA em combinagdo com a
CNC, variagdes na composi¢ao monomérica do POEGMA enxertado sobre a CNC, afetando as
propriedades para formacao de hidrogéis, e a caracterizacdo do sistema POEGMA-g-CNC a

partir de novas metodologias sao ainda necessarias neste campo de estudo e desenvolvimento.

4.2. Experimental

Reagentes

Metacrilato de dietileno glicol metil éter (EO2MA) (M, = 188 g mol™!) e metacrilato
de oligoetileno glicol metil éter (EO:MA, x =5, 9, 20 e 45 unidades de EO, M, = 300, 475, 950
e 2.080 g mol ™!, respectivamente) (Sigma-Aldrich) foram purificados passando por uma coluna
de alumina basica para remover os inibidores. Celulose nanocristalina (CelluForce), nitrato de
amonio e cério(IV) (CAN, Sigma-Aldrich, >98,5%) e cloreto de sodio (NaCl, Synth, P.A. ACS)
foram utilizados sem purificagio adicional. Agua do sistema Milli-Q® (resistividade de

18,2 MQ-cm) foi utilizada no preparo de todas as solugdes e reacdes.

Enxertia do POEGMA sobre a superficie da CNC

Utilizando a técnica de “grafting-from”, fez-se a copolimerizacio de forma
aleatoria de POEGMA a partir da superficie CNC (POEGMA-g-CNC), utilizando CAN como

iniciador i0nico em agua em temperatura ambiente por 24 h. Os produtos foram lavados
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extensivamente com agua sob centrifugacdo. Por esta técnica, foram enxertados na superficie
da CNC os copolimeros da familia POEGMA-g-CNC compreendendo diferentes monomeros
e razdes monomeéricas, indicados como subindices, representados por Y ¢ Z no exemplo:
P(EO:MA-co-EO:MA)y.z. Em um procedimento tipico, foram utilizados 10 mmol dos
monodmeros para 1,0 g de CNC e 200 mg de CAN. Variagdes foram realizadas empregando-se

quantidades 5 vezes maiores ou menores de iniciador CAN ou de total de monomeros.

Microscopia eletronica de transmissao

As amostras foram preparadas pulverizando-se uma dispersdo aquosa de 0,01%
sobre grades de cobre (200 mesh revestida com cobre), deixada secar ao ar e observadas em um
microscopio eletronico de transmissao (MET) Philips CM10 com uma voltagem de aceleracao
de 60 kV. A fim de melhorar a observacdo da morfologia das nanoparticulas, todas as amostras

foram coradas com 3 gotas de solugio de Fe™ 1,0 M.

Infravermelho com transformada de Fourier

Os espectros de infravermelho com transformada de Fourier (FT-IR) foram obtidos

1

na resolugdo de 4 cm ' em um espectrometro Bruker Tensor 27 em temperatura ambiente

utilizando pastilha de KBr.

Andlise termogravimétrica

A andlise termogravimétrica (TGA) foi realizada em um analisador
termogravimétrico TA Instruments Q500 sob um fluxo de N> seco a 50 mL min~' e a uma taxa

de aquecimento de 10,0 °C min'.

Espectroscopia de fotoelétrons excitados por raios-X

As andlises quimicas da superficie das amostras de POEGMA-g-CNC foram
realizadas por espectroscopia de fotoelétrons excitados por raios-X (XPS), utilizando um
espectrometro fotoelétrico de raio-X K-Alpha (Thermo Fisher Scientific, Reino Unido)
equipado com um analisador hemisférico de elétrons e radiagdo monocromatica Al Ka
(1486,6 eV), no Laboratorio Nacional de Nanotecnologia (LNNano) no Centro Nacional de
Pesquisa em Energia e Materiais (CNPEM) em Campinas (SP). Os espectros de survey (gama

completa) e de alta resolugdo para C foram adquiridos usando energia de passagem de 200 e 50
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eV, respectivamente. Os dados foram analisados utilizando o software Thermo Avantage
(versdo 5.921) e os resultados de XPS apresentados neste trabalho correspondem a uma média
de trés medigoes realizadas em diferentes regidoes ao longo das amostras. Os resultados foram
atribuidos de acordo com as ligagdes do C: carbono ligado a carbono ou hidrogénio por ligagdes
simples, C—C—C ou C—C-H (C1), carbono ligado a oxigénio por ligagdo simples, C-O (C2),
carbono ligado a dois oxigénios através de ligagdes simples, O—C—O (C3), ou carbono de

carbonila, O=C-0 (C4).

Turbidimetria

O ponto de turvagdo das solugdes aquosas de copolimero a 0,5 % (m/m) foi
determinado em um espectrofotometro Varian Cary 100 UV—vis equipado com um controlador
de temperatura Cary ou em um UV-Vis HP8453 com um controlador de temperatura Peltier.
O ponto de turvagao foi determinado como o tltimo ponto de transmitancia 100%. As medigdes
foram realizadas em A = 500 nm com trés ciclos de aquecimento a 0,5 °C min'. O primeiro
ciclo foi usado para condicionar a amostra apagando o historico térmico anterior ¢ a curva foi

negligenciada.

Calorimetria diferencial exploratoria

O comportamento térmico de solugdes aquosas de copolimero a 0,5% (m/m) foi
determinado por calorimetria diferencial exploratoria (DSC) em um MicroCal VP-DSC
(Northampton, EUA), equipado com celas gémeas de 0,54 mL. Trés ciclos consecutivos de
aquecimento e resfriamento foram realizados de 5 a 90 °C e a uma taxa de varredura de
60 °C h'! e o primeiro foi usado para condicionar a amostra apagando o histérico térmico
anterior. A célula de referéncia continha 4gua Milli-Q®. Todas as amostras foram mantidas a
respectiva temperatura de partida durante 20 min. A referéncia em branco, obtida pela condugao
do experimento com ambas as células contendo agua, foi subtraida dos termogramas da
amostra. A entalpia (AH) foi calculada integrando a area abaixo da curva apos a subtra¢do da

linha de base.
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4.3. Resultados e discussao

Enxerto de POEGMA na superficie da CNC

O P(EO:MA-co-EOQ45sMA)99.1 foi polimerizado na superficie da CNC pela reacao
com CAN utilizando a técnica “grafting-from”. Nesta metodologia, o radical ¢ desenvolvido na
superficie da CNC, e a partir deste ponto ocorre a polimerizagdo com o crescimento da cadeia
e a reacdo pode ser denominada polimerizacao iniciada na superficie (ou, no inglés, “Surface-
Initiated Polymerization™).

O hidrogel deste trabalho (discutido no préximo capitulo) ¢ formado pelo
copolimero termorresponsivo POEGMA enxertado na superficie da CNC (POEGMA-g-CNC).
A técnica de polimerizagao controlada ATRP ¢ adequada para produzir o copolimero em
solugdo [85], mas ndo ¢ a maneira mais simples de produzir o copolimero enxertado na
superficie da CNC. A polimerizagao por radicais livres iniciada por cério(IV) € a técnica mais
apropriada para obter este produto. Nesta reacdo, o Ce*™ forma um complexo com os grupos
hidroxila da superficie da CNC, abre o anel de glucose da celulose e forma um radical local,
como ilustrado na Figura 13. Os monomeros reagiram a partir deste radical formado na
superficie da CNC produzindo o polimero enxertado. Esta reacdo ocorre em meio aquoso, em
temperatura ambiente, com apenas um reagente adicional aos mondémeros e CNC, e ocorre em
apenas uma etapa, conforme esquematizado na Figura 14. Perde-se, no entanto, o controle sobre
o tamanho da cadeia polimérica e dificultando a caracterizacdo do produto POEGMA-g-CNC
obtido.
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Figura 13: Mecanismo da polimerizagdo radicalar pelo método “grafting-from” iniciada por
cério (IV). Reproduzido da referéncia [89] © 2013 American Chemical Society.
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Figura 14: Esquema da copolimerizagdo de POEGMA, P(EO:MA-co-EOMA), enxertados
sobre a superficie da CNC através da reacdo de sintese utilizando-se o iniciador CAN.

Caracterizacdo da POEGMA-g-CNC

Os espectros de FT-IR (Figura 15-A) mostram que o copolimero P(EO:MA-co-
EO45sMA)99.1 foi enxertado com sucesso na superficie da CNC por esta metodologia de
polimerizagdo. A banda em 1729 cm™! ¢ atribuida ao estiramento da carbonila do copolimero
[87]. A Figura 15-B mostra que produto P(EO2MA-co-EOQ45MA)99.1-g-CNC apresenta uma
temperatura de degradacao mais baixa (~150 °C) em comparagdao com a CNC nao modificada
e com o copolimero (~250 °C), que também ¢ relatado na literatura [89]. Isto pode ser um efeito
da degradacdo da CNC pela abertura do anel de glucose pelo mecanismo da reagdo com cério
(IV) (Figura 13) [90]. A Figura 16 apresenta as imagens de caracterizagdo da CNC ndo-
modificada e da CNC com o polimero P(EO2MA-co-EO45MA)99.1 enxertado em sua superficie.
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Figura 15: (A) Espectros de FT-IR e (B) curvas termogravimétricas das amostras de (=) CNC
ndo-modificada, (m) P(EO2MA-co-EO45MA)99:1-g-CNC e (m) P(EO2MA-co-EO45sMA )99.1.
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Figura 16: Imagens de microscopia AFM (acima, A e B) e MET (abaixo, C e D) das amostras
de CNC ndo-modificada (a esquerda, A e C) e P(EO2MA-co-EO45sMA )99.1-g-CNC (a direita, B
e D). Nas imagens de MET as barras de escala equivalem a 100 nm.

Foram também realizadas modifica¢cdes na quantidade adicionada de CAN (5 vezes
menor e 5 vezes maior) a fim de se obter diferentes graus de modificag¢ao da superficie da CNC.
A Figura 17 mostra os espectros de alta resolugdo de XPS de C 1s para os produtos P(EOoMA-
c0-EO45MA)99.1-g-CNC e a Tabela 2 sumariza estes resultados. Vé-se que o espectro da CNC
estd de acordo com a literatura [45, 90]. A CNC nado-modificada apresenta uma baixa
quantidade de C4, o que pode ser atribuido a oxidacao da superficie, e a razdo molar O/C de
0,74, como reportado na literatura [45]. Foram ainda identificados os atomos de enxofre
(0,61%) e sodio (0,8%), atribuidos ao grupo sulfato de sodio presente na superficie da CNC,
derivado do processo da CelluForce para obtengdo da CNC através de hidrolise acida
utilizando-se 4cido sulfurico.

Ap0s a polimerizacao de P(EO2MA-co-EO45sMA )99.1 sobre a superficie da CNC, o
perfil dos espectros varia consideravelmente, comprovando a sua ocorréncia. A razdo de Cl e
de C4 presentes nas amostras aumenta, enquanto a razdo de C3 diminui. Nao hé diferenca

consideravel entre as trés amostras de POEGMA-g-CNC com diferentes graus de modificagao.
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Figura 17: Espectros de alta resolucdo de XPS de C Is. (A) CNC pura e P(EO:MA-co-
EO45MA)99.1-g-CNC com (B) a protocolo tradicional, (C) 5% menos CAN, ¢ (D) 5x mais CAN.
(m) CI1, (m) C2, (m) C3, (=) C4, (m) contagem, (m) background, e (m) envelope.

Tabela 2 Composi¢ao de carbono determinada por XPS de P(EO2MA-co-EOQ45MA )g9.1-g-CNC
com diferentes quantidades de iniciador (CAN) na reagdo e a razao oxigénio/carbono.

Composic¢ao percentual

Amostra C1 C2 C3 C4 o/C
CNC ndo modificada 10,8 73,4 13,3 2,5 0,74
POEGMA-g-CNC 5x menos CAN 37,6 51,2 5,3 5,9 0,42
POEGMA-g-CNC tradicional 36,4 53,6 1,9 8,2 0,42
POEGMA-g-CNC 5x mais CAN 37,6 51,8 43 6,3 0,42

A propriedade termorresponsiva da amostra P(EO2MA-co-EOQ45MA )99.1-g-CNC foi

caracterizada por turbidimetria e por microcalorimetria, cujos resultados sdo apresentados na
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Figura 18. A CNC com o P(EO2MA-co-EO45sMA)99.1 enxertado em sua superficie exibe, acima
da LCST, um comportamento de agregacdo diferente do copolimero ndo-enxertado: o
P(EO:MA-co-EO45sMA)99.1-g-CNC  forma uma separagdo de fases macroscopica,
diferentemente do P(EO:MA-co-EO4sMA)99.1, que forma uma estrutura micelar (como ja
discutido no capitulo anterior) mesmo na presenca da CNC. Todas as transi¢des de fase foram
reversiveis observadas pelas técnicas de turbidimetria, microcalorimetria e visualmente em
ciclos consecutivos. A temperatura de transi¢ao de fase do polimero ¢ similar para os trés casos
estudados, ainda que a transi¢dao se inicie em uma temperatura mais baixa (cerca de 4 °C)

quando o polimero estd enxertado na superficie da nanoparticula.
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Figura 18: (A) Curvas de turbidimetria e (B) microcalorimetria de solu¢des aquosas de
(m) P(EO2MA-co-EO45MA)99.1 a 0,5%, (m) mistura fisica de P(EO2MA-co-EOQ45sMA)99.1 2 0,5%
com CNC a 1,0% e (m) P(EO2MA-co-EO45MA)99.1-g-CNC a 0,25% (turbidimetria) e a 0,5%
(microcalorimetria). Medidas de turbidimetria com taxa de aquecimento = 0,5 °C min' em A =
500 nm. Medidas de microcalorimetria com taxa de aquecimento = 1,0 °C min™!, processo de
aquecimento em linha sélida e processo de resfriamento em linha tracejada. (C) Representagao
do processo reversivel de precipitagdo e visualizagdo conceitual do precipitado formado.

Estimativa da densidade de POEGMA enxertado na superficie da CNC

A determinagdo da densidade de polimero gerado na superficie da CNC é um
desafio analitico. Este parametro depende do tamanho das cadeias poliméricas e do nimero de

pontos de iniciacdo da reagdo da polimerizacdo, o que ¢ dificil de controlar pela técnica de



71

polimerizacdo radicalar iniciada por cério(IV). De forma geral, ¢ necessario clivar a cadeia
polimérica da superficie da nanoparticula e entdo realizar a andlise por cromatografia de
permeacgao em gel (GPC/SEC), espectrometria de massas (MS), ressondncia magnética nuclear
(RMN), entre outras técnicas que nao sdo triviais € que consomem tempo e reagentes. Para
contornar este problema, foram utilizados os dados obtidos por microcalorimetria, sendo
possivel estimar a densidade de polimero na CNC.

A energia de transicdo detectada pelo microcalorimetro ¢ devido a desidratacao e
agregacao do polimero, conforme descrito no capitulo anterior. Desta forma, ¢ possivel
correlacionar a energia envolvida na transi¢ao de fase com a quantidade de polimero presente.
Para esta metodologia, ¢ importante que apenas o polimero seja termorresponsivo, além de se
conhecer como a energia de transi¢do varia de acordo com a quantidade de polimero utilizado
e estimar uma curva de correlacdo a partir da integrag¢do das curvas calorimétricas.

Considerando o caso da soluc¢do aquosa de POEGMA-g-CNC, apenas o POEGMA
apresenta resposta no microcalorimetro, ¢ ndo a CNC. A quantidade total de amostra
corresponde a uma fracio de POEGMA mais uma fragdo de CNC, sendo que o
microcalorimetro s6 ‘“enxerga” o POEGMA. Assim, foram determinadas as curvas
calorimétricas de solugdes aquosas de POEGMA (sem e com a presenga da CNC) em diferentes
concentracgoes (0,25%, 0,50% e 1,0%) (Figura 19-A) e estimou-se a energia de transi¢ao
absoluta (J) para cada uma delas, construindo a curva de correlacao (Figura 19-B) de equacao
de reta y = 9,9 x, com R? = 0,9992.

A integracdo da curva da amostra POEGMA-g-CNC resultou em 32,2 + 0,5 J, o
que, pela curva de correlagio, corresponde a aproximadamente 3,2 g L' de polimero na
amostra. Desta forma, a amostra analisada, na concentracio de 10,0 g L' possui
aproximadamente 30% de polimero e 70% de CNC em sua composi¢do. Para a sintese do
POEGMA-g-CNC ¢ adicionado aproximadamente o dobro da massa de mondmeros em relagao
a massa de CNC, o que indica que uma quantidade expressiva de monomeros nao foi reagida
ou nao foi polimerizada na superficie da CNC, mas livre em solug@o e acabou sendo extraido
no processo de purifica¢do por lavagem do produto reacional. Esta € a primeira vez que a técnica
de microcalorimetria ¢ utilizada para estimar a densidade de polimero enxertado sobre a
superficie de uma nanoparticula e este trabalho continua sendo investigado pelo grupo,
avaliando outras composi¢des poliméricas e comparando com técnicas de RMN de '*C no
estado so6lido. A microcalorimetria € uma técnica simples, rapida, robusta, de baixo custo € ndo-
destrutiva que pode ser utilizada para se estimar a densidade de polimero termorresponsivo

enxertado na superficie de uma nanoparticula.
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Figura 19: Estimativa da densidade de polimero enxertado na superficie da CNC, determinada
por microcalorimetria. (A) Curvas calorimétricas e (B) curva de correlacdo da energia de
transicao com a quantidade de polimero presente nas amostras de P(EO2MA-co-EOQ45sMA)g9.1 a
(m) 0,25%, (m) 0,50% ¢ (m) 1,0%, e (=) P(EO2MA-co-EOQ45MA)99.1-g-CNC a 1,0%. Os pontos
(A) representam misturas fisicas de POEGMA (na concentragao indicada) com CNC a 1,0%
demostrando que ndo hé interferéncia significativa desta na medida da energia de transicao.

4.4. Conclusoes

Pelas técnicas de FT-IR, TGA, XPS, e turbidimetria obtivemos evidéncias da
presenca do polimero sobre a CNC, ainda que sem sua quantificacdo. Os resultados obtidos por
XPS nao apresentam diferenca entre os carbonos quantificados nas amostras de POEGMA -g-
CNC sintetizados com diferentes graus de modificacao da superficie da CNC. Este resultado
leva a crer que esta técnica detectou apenas a camada de polimero na superficie da CNC, sem
identificar os carbonos da CNC, apenas do polimero. Uma nova metodologia foi apresentada
para a estimativa quantitativa do teor de polimero enxertado na superficie da CNC, necessitando
ainda ser validada para identificagcdo dos limites deste método e ampla utiliza¢do. Este trabalho
ainda abre a oportunidade de realizar-se a sintese e a caracterizagao da temperatura de transi¢ao

de fase de outros copolimeros da familia POEGMA.
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5. Formacao de hidrogéis de POEGMA-g-CNC

O objetivo deste capitulo foi estudar a formagdo de hidrogéis fisicos a partir de
copolimeros da familia POEGMA enxertados na superficie da celulose nanocristalina
(POEGMA-g-CNC) descritos no capitulo anterior, produzindo materiais funcionais
responsivos. Apesar das diversas frentes de avaliagdo e caracterizacdo concluidas e
demonstradas a seguir, este trabalho abriu novas portas e ainda demanda mais estudos
sistematicos, que estdo atualmente em andamento por outros membros do grupo de pesquisa,

para ser entdo publicado.

5.1. Experimental

Formacgao de hidrogéis

Hidrogéis de POEGMA-g-CNC sintetizados conforme descrito no capitulo 4,
foram gerados com a adicdo de quantidades de solucdo aquosa salina ou com o aumento da
temperatura. Tipicamente, foram realizadas misturas na proporcao de 1:1 de dispersdo aquosa
de POEGMA-g-CNC e de solug@o aquosa de NaCl, agitadas levemente com a mao e mantidas
em repouso em temperatura ambiente. Foram gerados também hidrogéis com o aumento da
temperatura, mantendo a dispersao aquosa de POEGMA-g-CNC em estufa ou banho de agua

com controle de temperatura.

Medidas reologicas

As medidas reologicas foram realizadas em um redometro HAAKE RheoStress 1
equipado com geometria double-gap (DG43) com diametro externo de 43 mm. A temperatura
do experimento foi controlada com banho externo de agua HAAKE F8. As amostras de
POEGMA-g-CNC foram adicionadas lentamente, evitando a incorporagdo de bolhas de ar e o
sistema foi previamente termostatizado por ao menos 10 min. No estudo realizado em fungao
da temperatura, a amostra foi mantida sob cisalhamento, sem interrup¢ao ou troca de geometria

e realizou-se a rampa de aquecimento. As medidas foram realizadas em triplicatas equivalentes.

Microtomografia de raios-X

Amostra do aerogel formado por P(EO2MA-co-EO9MA )oo.10-g-CNC liofilizado,

com dimensao aproximada de 5 mm X 5 mm % 5 mm, foi analisada em um microtomoégrafo de
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raios-X (microCT), modelo SkyScan 1272 (Bruker). O equipamento foi operado com energia
da fonte de raios-X de 20 kV e corrente de 175 pA. As imagens foram analisadas pelo software

CT Analyser (Special build) Version: 1.13.10.1, nativo do equipamento.

Analise termomecdnica

As medidas termomecanicas foram realizadas em equipamento 2940 TMA V2.3A
(TA Instruments) equipado com o moédulo TMA Standard e sonda dilatdmetro. Amostras do
hidrogel formado por P(EO2MA-co-EO9MA )eo:10-g-CNC com dimensdes aproximadas de 4—

5 mm foram avaliadas por duas metodologias:

Meétodo estatico: M¢étodo ciclico:

1: Equilibrar em 10,00 °C 1: Equilibrar em 20,00 °C ou 50,00 °C

2: Isotérmico por 15,0 min 2: Isotérmico por 3,0 min

3: Rampa 1,00 °C min! a 60,00 °C 3: Forca de rampa 0,050 N min ' 2 0,100 N

4: Forga de rampa 0,050 N min! a 0,000 N

5: Repetir os passos 3 e 4 mais quatro vezes.

5.2. Resultados e discussao

Solugdes aquosas de P(EO2MA-co-EO9MA )90:10-g-CNC em concentragdes acima
de cerca de 3% apresentam-se como um gel. A adi¢do de uma pequena quantidade de cloreto
de sodio a uma solugdo aquosa de P(EO:MA-co-EO9MA)oo:10-g-CNC resultou em um
precipitado que, apos meses, formou um hidrogel solido (Figura 20). Este hidrogel apresenta
uma significante capacidade de absorcdo de agua (11 Zigua/Shidrogel), O que possibilita sua

aplicagdo em diversas areas. O video do link (https://youtu.be/a2wq28Qse0U) demonstra esta

propriedade.

desidratado apods ser pressionado e, em seguida reabsorvendo dgua e retomando sua forma
natural.


https://youtu.be/a2wq28Qse0U
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As propriedades termomecanicas do hidrogel formado por P(EO:MA-co-
EO9MA )90:10-g-CNC ap6s a precipitagdo com NaCl foram determinadas em um equipamento
termomecanico em uma analise estatica em func¢ao da temperatura e em outra analise com ciclos
isotérmicos de compressao em duas temperaturas: 20 °C e 50 °C. No experimento estatico, o
hidrogel inicia uma redu¢do de tamanho com o aquecimento a partir de cerca de 35 °C (Figura
21-A), valor proximo ao da transi¢cdo de fase do polimero 39 °C [91]. Na analise com ciclos
isotérmicos, vé-se que o hidrogel apresenta reversibilidade na compressao (Figura 21-B). Nas
medidas realizadas a 20 °C (abaixo da LCST do polimero), o hidrogel apresenta uma amplitude
maior de variagdo dimensional, enquanto acima da LCST o hidrogel ja inicia as medidas com
uma altura menor indicando que possivelmente ja tenha perdido uma pequena quantidade de

agua, ou seja, houve uma pequena contracdo de volume.
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Figura 21: Propriedades termomecanicas do hidrogel formado por P(EO2MA-co-EO9MA )9o:10-
g-CNC. (A) Analise estatica (forga = 0) em funcao da temperatura. (B) Ciclos isotérmicos a
(W) 20 °C e a (M) 50 °C com pressdo intermitente de 0,1 N; a curva vermelha foi deslocada 30 s
para eliminar a sobreposi¢ao e facilitar a visualizagdo das curvas; as equagdes de reta dos pontos
maximos sdo: y = 1,07 x — 1730,4 a 20 °C (azul claro) e y =-20,9 x — 881,7 a 50 °C (vermelho
claro).

A caracterizagdo estrutural e morfoldégica do hidrogel de P(EO:MA-co-
EO9MA)9o.10-g-CNC foi realizada por microtomografia de raios-X e por imagens de
microscopia eletronica de varredura, mostradas na Figura 22. Para a realizagdo destas analises,
o hidrogel foi liofilizado formando um aerogel com morfologia afetada pelo congelamento da

agua [44, 57].
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Figura 22: Caracterizacdo estrutural e morfologica do hidrogel de P(EO2MA-co-EO9MA )9o:10-
g-CNC por (A) microtomografia de raios-X e (B) microscopia eletronica de varredura (MEV).

Para avaliar se esses pontos de adesdo poderiam ser desfeitos com solventes, a
solubilizagdo do hidrogel de P(EO2MA-co-EO9MA)9o:10-g-CNC foi testada em diversos
solventes organicos. Apesar de serem bons solventes para o polimero, nenhum foi capaz de
solubilizar e desfazer o hidrogel, mesmo quando aquecidos, evidenciando o emaranhamento
das cadeias poliméricas. Os solventes apresentaram a ordem de compatibilidade com o
hidrogel:

DMSO > CHCIl; > THF > etanol > éter > acetona > heptano
em que a maior compatibilidade foi indicada pelo intumescimento do hidrogel tornando-o até
transparente (DMSO e CHCIs), ao passo que a menor compatibilidade foi indicada pelo sistema

inalterado.

Hidrogel formado por adicdo de eletrdlitos

Para compreender o efeito de eletrolitos na formagao do hidrogel, realizou-se a
adicdo de uma solucdo de NaCl em uma solucdo de POEGMA-g-CNC com diferentes
composi¢cdes monoméricas a fim de variar o teor de grupos EO em relagdo ao grupo metacrilato
do backbone do polimero. A Figura 23 mostra que o teor de grupos EO presentes no polimero
de fato desempenham um papel fundamental na formacdo do hidrogel e na sua densidade. Sem
adicdo de sal, todas as amostras contendo POEGMA-g-CNC estavam homogeneamente
dispersas. Com a adi¢do de NaCl ocorreu a precipitagdo e decantacdo ou coagulagdo do
POEGMA-g-CNC. O aumento da concentracdo de eletrdlito causa a blindagem das cargas
superficiais da CNC (devidas ao sulfato residual do seu processo de producao), facilitando a

aproximacao dos bastoes de CNC e a sua coagulacdo [92]; uma precipita¢ao similar foi também
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observada quando se adicionou sal a uma dispersdao de CNC. Além disso, a concentracao do
sistema ¢ também relevante para a formacao de coagulos passiveis de formar um hidrogel, como
visto nas duas primeiras colunas do diagrama, que contém a mesma relacio de POEGMA -g-

CNC e NaCl, mas um mais diluido que o outro.

0.5% 1.0 % 1.0 % 1,0% POEGMA-g-CNC
025M O5M 1,25M 25M NaCl

razao
EO/MA
P(EO,-EO;) 80:20 2,5
2
]
= P(EO,-EO.) 60:40 3,0
b
=]
g
£
2 P(EO,-EO,,) 95:05 2,9
Q.
E
P(EO,-EO,,) 80:20 5,6

blindagem de cargas

Figura 23: Fotografia de amostras de POEGMA-g-CNC (concentragdo em azul) e em diferentes
concentragcdes de NaCl (indicadas em vermelho). Composicdo monomérica do POEGMA
indicada ao lado, em preto. EO/MA: relagdo molar entre os grupos 6xido de etileno (EO) e
metacrilato (MA).

A dispersao aquosa de P(EO2MA-co-EO9MA )90:10-g-CNC mantém sua estabilidade
coloidal devido ao impedimento estérico das cadeias de POEGMA e pela repulsao eletrostatica
das cargas negativas devido aos grupos sulfatos residuais presentes na superficie da CNC em
virtude do seu processo de obtencao com acido sulfurico. A adigao de eletrolitos causa o efeito
salting-out e a neutralizag¢do das cargas, favorecendo a aproximagao dos bastdes de CNC e sua
consequente precipitagdo em um processo reversivel, como demonstrado na Figura 24. Alharthi
e colaboradores [93] demonstraram que concentragdes baixas de sal (KCI, na ordem de 1072 M)
sao suficientes para reduzir a temperatura de transicdo do POEGMA enxertado na superficie da
CNC devido aos ions cloreto. Similarmente, Mariano e colaboradores [94] formaram hidrogéis
supramoleculares a partir de celulose nanofibriladas (CNF) com cargas opostas, identificando

que o balango destas estruturas afeta as propriedades mecanicas do material obtido.
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Figura 24: Formacao de gel reversivel do P(EO2MA-co-EOsMA )g0:20-g-CNC com a adigdo de
NaCl e sua remocao por didlise.

Hidrogel formado por aquecimento

A formagdo de hidrogel induzida pela temperatura foi estudada por reologia
utilizando uma dispersdo aquosa de P(EO:MA-co-EO20MA)9s5-g-CNC, que apresenta
transi¢do de fase por volta de 25-30 °C (Figura 25). O estudo foi realizado em tensdo e
frequéncia adequados para este sistema, conforme mostrado nas curvas em vermelho de
amplitude e de frequéncia. A partir da temperatura de transicao de fase do polimero, o sistema
P(EO2MA-co-EO20MA)os:5-g-CNC apresentou um aumento nos parametros viscoelasticos
indicando a formagdo de uma estrutura e, portanto, o hidrogel, como pode ser visualizado na

fotografia.
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Figura 25: Ensaios reologicos da formacdo reversivel do hidrogel de P(EOMA-co-
EO20MA )9s5:5-g-CNC induzida pela temperatura.

Os hidrogéis compostos por POEGMA-g-CNC podem ter a sua formagao induzida
duplamente por eletrolitos e/ou temperatura € o processo de coagulagdo ¢ dependente da
composicdo monomérica do polimero. Por apresentarem baixa variagdo de volume com a
transi¢do de fase do polimero, o POEGMA nestes sistemas age como uma “cola”, adesivando
os bastdes de CNC através do emaranhamento de suas cadeias poliméricas, formando primeiro
precipitados na forma de nanogéis que eventualmente se conectam, gerando a rede
tridimensional maior do gel, como um fractal [95], conforme ilustrado na Figura 26.

De acordo com a concentragdo de sais da solu¢dao aquosa e do copolimero enxertado
na superficie da CNC, pode-se obter um hidrogel mais ou menos reticulado e com um valor
maior ou menor de densidade. Estas diferentes caracteristicas resultam em propriedades
distintas e que podem ser utilizadas em variadas aplica¢des. Hidrogéis menos densos podem
ser formados e aplicados, por exemplo, no solo com o objetivo de reter umidade e/ou nutrientes
na regido das raizes, permitindo que as raizes consigam penetrar facilmente a sua rede
tridimensional. Como outro exemplo, ajustando-se adequadamente a densidade e a estrutura do
hidrogel, pode-se desenvolver um material que seja suficientemente transparente para aplicagao
como lentes de contato, similar ao que foi desenvolvido de forma bastante inovadora pela
startup Medella Health Inc. [96], e que possua temperatura de transicdo de fase proxima a do
globo ocular, possibilitando uma melhor e mais confortavel acomodac¢ao das lentes de contato

nos olhos.
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Figura 26: Esquema ilustrando a formag¢ao do hidrogel a partir da temperatura ou da adigao de
eletrolitos.

5.3. Conclusoes

A formagdo do hidrogel foi estudada de forma sistematica variando-se a
composicdo do POEGMA enxertado sobre a CNC e adicionando-se diferentes concentragdes
de cloreto de sodio. Os hidrogéis de POEGMA-g-CNC sdo formados pela interacao das cadeias
poliméricas de um objeto coloidal com outro ou adsor¢do na superficie da CNC, formando uma
reticulagdo fisica. Estes hidrogéis podem ser obtidos de forma reversivel seja pela adigdo de sal
ou pelo aumento da temperatura. A adi¢do de sal neutraliza as cargas negativas da superficie da
CNC, o que permite a aproximacao dos objetos coloidais e a intera¢do das cadeias poliméricas.
A remocao do sal através de dialise faz com que o hidrogel se desfaga, voltando a dispersao de
POEGMA-g-CNC como inicialmente. Por outro lado, as cadeias laterais mais longas do
POEGMA promovem um impedimento estérico, prevenindo a aproximag¢ao dos POEGMA-g-
CNC e a formagdo da reticulagdo. Com o aumento da temperatura, o copolimero POEGMA
enxertado na superficie da CNC passa por uma transicdo de fase e se contrai, diminuindo o
impedimento estérico e aproximando os objetos que interagem entre si formando o gel. Desta
forma, variando-se a quantidade de grupos EO na composicao do POEGMA, pode-se controlar
a temperatura de formagao do hidrogel e a sua densidade. Com tempo de contato suficiente, a
formacao do sistema pode ser irreversivel, gerando um material permanente. Com a conclusao
das investigacdes aqui apresentadas, outros estudos foram positivamente impactados, com a
ampliagdo da pesquisa referente ao uso de outros polimeros enxertados sobre a nanoparticula
assim como a variagdo da nanoparticula em que o polimero estd enxertado. Ademais, este
trabalho desperta a investigacdo focada no efeito dos diferentes copolimeros da familia

POEGMA na formacao da estrutura do hidrogel, que pode ser caracterizada, por exemplo, pela
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determinagdo de area superficial, porosidade e densidade aparente, microestrutura, capacidade

de reten¢do de dgua ou solventes, e propriedades mecanicas.
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6. Reticulacao supramolecular host-guest

Adicionalmente a formacao de hidrogel pela coagulagdo do POEGMA-g-CNC com
adi¢ao de solug¢do aquosa de sais ou pela indugdo aquecendo a amostra acima da temperatura
de transicao do POEGMA, foi investigada a aplicagdo da a-ciclodextrina (a-CD) como agente
de reticulagao supramolecular através de complexos de inclusdo utilizando a cadeia lateral mais
longa do POEGMA, conforme ilustrado na Figura 27. A hip6tese € que neste caso o aumento
da temperatura causa a transi¢do de fase do POEGMA, consequentemente o encolhimento da

cadeia polimérica, e a saida da cadeia lateral do POEGMA de dentro da cavidade da a-CD.

Q@

£

Figura 27: Conceito da reticulagdo supramolecular promovida pela a-CD em um sistema
contendo POEGMA-g-CNC, formando um hidrogel self-healing.

O objetivo neste capitulo foi investigar a complexagdo do mondomero EOssMA,
utilizado na composi¢ao dos copolimeros POEGMA nos capitulos anteriores desta Tese, com
a 0-CD. Estes relevantes resultados obtidos (apresentados a seguir) levaram a uma investigagao
mais focada neste fendmeno, sendo liderada pelo entdo pesquisador pds-doc do grupo, Dr.
Marcos Mariano, ¢ publicamos na revista ACS Omega em 2020 o artigo intitulado Inclusion
complexation between a-cyclodextrin and oligo(ethylene glycol) methyl ether methacrylate
[97]. Minha colaboracdo naquele trabalho foi a ideia original do estudo com os resultados
iniciais obtidos e a discuss@o dos dados obtidos no estudo. Este artigo na integra estd como

ancxo.

6.1. Introducao

Ciclodextrinas (CD) sdo moléculas macrociclicas que tém uma estrutura em forma
de cone truncado com cavidade hidrofébicas e exterior hidrofilico, conforme ilustrado na Figura

28. Podem formar complexos de inclusdo do tipo hospedeiro-hospede com moléculas
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hidrofébicas e sdo utilizadas para formar hidrogéis supramoleculares [98—100]. Por exemplo, o
grupo de pesquisa do Prof. Akira Harada desenvolveu hidrogéis self-healing utilizando
ciclodextrinas que formam complexos de inclusao com ferroceno [101], azobenzene [102, 103],
derivados do adamantano [104], dentre outros [105]. Nao apenas grupos pequenos formam
complexo de inclusdo com ciclodextrinas: cadeias de PEO podem também entrar
espontaneamente na cavidade da a-CD e formar géis supramoleculares [65, 103, 106]. Similar
a estes complexos, McKee e colaboradores [107] produziram um hidrogel com elevada
propriedade mecanica, devido a CNC, e com propriedades self-healing, promovida por

complexos de inclusdo utilizando cucurbiturilas, uma molécula macrociclica analoga a CD.
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Figura 28: Representagdo da alfa-, beta- e gama-ciclodextrina, respectivamente.

Com o objetivo de unir as propriedades dos copolimeros da familia POEGMA com
a propriedade self-healing promovida pela CD e com a resisténcia mecanica promovida pela
CNC, pode-se desenvolver um hidrogel com tais caracteristicas composto por POEGMA-g-
CNC e reticulado utilizando-se CD. Este capitulo foi um estudo inicial da formacao de
complexos de inclusdo das cadeias laterais de EO presentes no copolimero POEGMA na

cavidade da o-CD.

6.2. Experimental

Reagentes

Metacrilato de oligoetileno glicol metil éter (EOssMA) (M, = 2.080 g mol™)
(Sigma-Aldrich) foi purificados passando por uma coluna de alumina basica para remover os

inibidores. A a-ciclodextrina (a-CD, Aldrich, >99,0%) foi utilizada sem purificacdo adicional.
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Agua do sistema Milli-Q® (resistividade de 18,2 MQ-cm) foi utilizada no preparo de todas as

solugdes.

Titulacao calorimétrica isotérmica

A interagao entre a a-CD e o monomero EOssMA foi investigada através de
experimentos calorimétricos, realizados em um MicroCal VP-ITC. Solucdes aquosas do
oligomero EOssMA a 0,2, 0,7, 2,5 ¢ 5,0 mM foram tituladas com uma solu¢do de a-CD a
120 mM. Utilizou-se 4gua como branco. As medigdes foram realizadas a 25 °C e a velocidade

de agitacao foi de 394 rpm.

Espalhamento de luz dinamico

Analises de espalhamento de luz dinamico (DLS) de solu¢des aquosas da amostra
a0,1 % (m/m) foram realizadas em um Zetasizer Nano ZS (Malvern Instruments, Reino Unido),
equipada com um laser vermelho de He-Ne (A = 632,8 Nm). As contagens de fotons foram
detectadas no angulo de 173°. Antes das medidas, todas as solu¢des foram filtradas utilizando

um filtro descartavel de 0,45 pm. Cada medida foi realizada em triplicata apds equilibrar por

120 s.

6.3. Resultados e discussao

A 0-CD pode proporcionar a propriedade self-healing ao hidrogel formado por
POEGMA-g-CNC através da reticulacao supramolecular pela inclusdo na sua cavidade da

cadeia lateral mais longa de EO do copolimero POEGMA.

Inclusao da cadeia polimérica EO na a-CD

Para confirmar a inclusdo da cadeia EO4sMA na cavidade da a-CD foram feitas
medic¢des de ITC e DLS. A Figura 29 mostra a energia envolvida na intera¢do da a-CD com o
oligobmero EO4sMA. A diluigdo da a-CD ¢ endotérmica enquanto a interagao a-CD—oligdmero
¢ exotérmica. Quanto mais concentrada a solucao oligomérica, mais exotérmica a energia da
interacdo a-CD-oligdmero. A inclinacdao da regido entre 0 e 10 mM de a-CD torna-se mais
negativa com a concentragdo do oligomero. As titulagdes de a-CD nas solucdes de oligdmero
a 2,5 e 5,0 mM apresentam uma alteracdo abrupta nesta inclinagdo na regido de concentragdo

da a-CD entre 6 e 10 mM, indicando uma satura¢ao na inclusao do oligdmero na sua cavidade.
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Figura 29: Titulacdo calorimétrica isotérmica (ITC) de a-CD a 120 mM em (A) 4gua e em
solugdes aquosas do oligomero EO4sMA a concentragdes variadas: (¢) 0,2, (¢) 0,7, (¢#)2,5 ¢
(@) 5,0 mM. T=25 °C, velocidade de agitagdo = 394 rpm.

A Figura 30 mostra as curvas de DLS do complexo a-CD-EO4sMA em diferentes

proporcdes. O monomero livre em solugdes apresenta principalmente um tamanho menor que

10 nm, ao passo que, com a adi¢cdo de a-CD, os picos em tamanhos maiores (tipicamente

100-500 nm) tornam-se predominantes.
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Figura 30: Curvas de DLS para o (m) monomero EO4sMA a 5,0 mM e misturas com solugdes
aquosas nas concentracoes finais de a-CD de (m) 50, (=) 100, (=) 150, (=) 200, (m) 300 e

(m) 500 mM.
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Reticulacdo supramolecular

A reticulagao supramolecular proporcionada pela a-CD traz um brilho especial ao
desenvolvimento de hidrogel self-healing. Os resultados de ITC e de DLS indicam que ocorre
a formacao de um complexo de inclusdo entre a a-CD e o oligdmero EO4sMA. Os resultados
das duas técnicas mostram uma altera¢do abrupta na mesma regido da razao a-CD:EO4sMA, o
que sugere uma estequiometria aproximada do complexo formado instantaneamente de 1,3:1
(a-CD:EO4sMA). Neste processo de inclusdo, apenas uma das extremidades da cadeia de
EO4sMA esta disponivel para a entrada da a-CD: o grupo metacrilato impede a incorporagao
do macrociclo. A incorporacao de mais de uma a-CD depende de a primeira percorrer a cadeia
deixando a extremidade livre, o que pode levar horas para ocorrer (Figura 31). A formac¢ao do
complexo de inclusdo ¢ dependente da concentragdo da a-CD, sendo que concentragcdes maiores
induzem a sua formagdo. Cada um destes complexos de inclusdo formado pode atuar como

pontos de reticulacdo no caso POEGMA-g-CNC.

impedimento
0 estérico transiente

primeira N inclusio
inclusdo sequencial

Figura 31: Representacdo do processo de formagdo do complexo de inclusdo da a-CD com
EO4sMA. Adaptado da referéncia [97]. © 2020 American Chemical Society.

Foram realizados ensaios de reticulacdo supramolecular de POEGMA-g-CNC com
a a-CD. A adi¢ao de a-CD livre a solugdo aquosa de POEGMA-g-CNC causa uma precipitagcao
instantanea, o que indica a incorporagdo das cadeias laterais de EO na cavidade da o-CD.
Contudo, em nenhum dos casos foi ainda possivel obter um gel. Diversas condigdes e
propor¢des de misturas foram testadas, mas nenhuma atingiu a formagdo de um hidrogel
supramolecular. Para uma reticulagdo eficiente ¢ necessario que as a-CD estejam conectadas

entre si, formando um polimero contendo grupos pendentes do macrociclo.

6.4. Conclusoes

Por duas técnicas diferentes aqui apresentadas foi possivel evidenciar a formacgao
de complexos de inclusdo do mondmero EO4sMA, que pode ser utilizado como cadeia lateral

nos copolimeros da familia POEGMA, com a o-CD. A inclusdo na a-CD ocorre pela
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extremidade da cadeia do mondmero contendo o grupo metila enquanto a outra extremidade,
contendo o grupo metacrilato, impede a passagem do macrociclo. Estes complexos de inclusao
formados podem atuar como pontos de reticulagdo em um hidrogel self-healing, no entanto, ¢
necessario que os macrociclos estejam conectados em uma cadeia polimérica, podendo ser o

grupo pendente disponivel para a inclusdo das cadeias laterais de EO do POEGMA.
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7. Conclusoes Gerais

Neste trabalho, investigou-se o efeito da arquitetura molecular nos agregados
formados em 4gua por copolimeros biocompativeis e termorresponsivos da familia POEGMA
em funcao da temperatura. A arquitetura molecular destes copolimeros pode ser projetada para
atingir um valor determinado de temperatura de transi¢ao de fase e uma estrutura de agregacao
especifica, micelar ou agregados com separagdo de fase macroscopica, com potencial aplicacao
em encapsulamento e liberacdo controlada de compostos hidrofébicos. A incorporagdo de
copolimeros desta familia na superficie da CNC pode ser realizada por um procedimento
simples, adequando a sua composicao para a temperatura de transicdo desejada, uma vez que a
capacidade de resposta térmica do polimero ndo ¢ alterada; porém, neste caso ocorre apenas
separagdo de fase macroscopica. Uma nova metodologia utilizando-se HSDSC foi utilizada
para estimar a quantidade de polimero enxertado na superficie da CNC e abre a possibilidade
para esta determinagdo através de uma técnica mais simples e robusta. A adi¢do de sal e/ou o
aumento da temperatura induz de forma reversivel a formacao de gel, com a aproximacgao das
nanoparticulas de celulose. Além disso, a CNC melhora as propriedades mecanicas do hidrogel
e diminui a quantidade de polimero necessaria para formar gel. Ademais, a cadeia lateral de
grupos EO do copolimero POEGMA formam complexos de inclusdo com a a-CD, que podem
ser utilizados como pontos de reticulagao supramolecular para a formagao de um hidrogel self-
healing. Todos estes estudos aqui apresentados influenciaram pesquisas correntes do Grupo de
Pesquisa e de outros. O entendimento individual e em conjunto destes complexos sistemas
permite a elaboragao de sistemas poliméricos funcionais otimizados, beneficiando aplica¢des
em diversas areas da ciéncia e possibilitando aumentar a eficiéncia e racionalizagdo no uso dos

materiais poliméricos.
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1. Introduction

Cellulose nanocrystals (CNCs) are a class of renewable nanoma-
terials derived from cellulose, typically via sulfuric acid hydrolysis.
The negative sulfate-ester groups promote electrostatic stability of
the CNC in aqueous and polar solvents [1-5]. In the presence of
oppositely charged molecules, such as cationic alkyltrimethylam-
monium bromide surfactants (C,TAB) the electrostatic interaction
between CNC and surfactant resulted in the precipitation [6] when
the surfactant concentration approaches approximately half its
critical micellar concentration (cmc) [7]. To negate such behavior,
one could alter the amount of cationic surfactants bound to CNC,
by surface grafting polymers to the CNC, for instance one that
would increase the CNC specific surface area and enhance the
number of available binding sites.

Surface modification of cellulose and its derivatives [8], such as
CNC with stimuli-responsive polymers - especially pH and tem-
perature responsive systems - has been actively pursued in the
past decade [9-13]. Poly (ethylene oxide) (PEO) and its derivatives
have the advantages of being water-soluble, biocompatible and
thermo-responsive. An important and yet relatively new class of
PEO derivatives are those containing a methacrylate segment,
whose monomers could be polymerized, and offer new application
possibilities in various fields [12,14]. Nho & Kwon [15] modified
the surface of cellulose films using the radiation polymerization
grafting technique. They prepared poly (ethylene oxide methacry-
late) (PEO,MA) with increasing degree of hydrophilicity where the
ethylene oxide units were increased from 2 to 9. The process was
followed by amination and heparin immobilization to assess its
compatibility with blood. Grishkewich et al. [11] reported that
the lower critical solution temperature (LCST) behavior of the
CNC-g-POEGMA nanoparticles could be varied over a wide temper-
ature range of 24 to 64 °C by adjusting the grafted molar ratio of
oligoethylene oxide methyl ether methacrylate units (OECMA ;)
to di(ethylene oxide) methyl ether methacrylate (MEO,MA). They
also observed a thermal hysteresis during the cool down cycle,
denoting a kinetic effect on the nanoparticle’s aggregation. Peng
et al. [16] studied the interactions between alkyltrimethylammo-
nium bromide C.,TAB series (n=12, 14 and 16 carbon atoms in
the alkyl chain) surfactants and a thermoresponsive copolymer
comprised of MEO,MA-co-PEGMA,qg at temperatures below
(25°C) and above (30°C) its LCST, using isothermal titration
calorimetry (ITC) and ion-selective electrode (ISE) techniques. In
their study, they concluded that hydrophobic forces dominated
the interactions between the surfactant’s alkyl chain and the
hydrophobic polymer backbone. By increasing the temperature of
the system beyond its LCST, the interactions with the more
hydrophobic surfactant (C,sTAB compared to C,,TAB) presented a
larger enthalpy change (exothermic process). In a similar study
[17], the interactions between a polymer-grafted CNC (CNC-g-
M600, a poly (propylene glycol) (PPG) derivative) and different
surfactants with alkyl chains containing 12 carbon atoms namely
anionic sodium dodecylsulfate (SDS), C,,TAB (cationic) and Brij
30 (a nonionic polyethyleneglycol (4) lauryl ether) was reported.
No interactions were observed between CNC-g-M600 and Brij 30;
but SDS interacted with the grafted polymer chains driven by
hydrophobic forces, while C;2TAB would bind electrostatically to
the negatively charged sulfate-ester groups on the CNC surface.

In the present study, we modified the CNC surface by grafting a
thermo-responsive polymer, poly di(ethylene oxide) methyl ether
methacrylate, PIMEO:MA) to its surface. We examined the multi-
ple temperature-induced redispersion of the system containing
CNC-g-P(MEO2MA) in the presence of ionic surfactants SDS and
C,TAB at a temperature above its LCST of 25 °C. The “switch on/
switch off* mechanism over various cycles of addition and removal
of surfactant through dialysis was evaluated. The CNC surface

modification was characterized by '*C solid-state nuclear magnetic
resonance ('*C SSNMR), Fourier-transform infrared spectroscopy -
attenuated total reflection spectroscopy (FTIR-ATR) and thermal
gravimetric analysis (TGA). The interactions between CNC-g-P
(MEO,MA) and surfactants were analyzed by ITC, electrophoretic
mobility and light scattering measurements and high sensitivity
differential scanning calorimetry (HSDSC) with varying SDS
concentrations.

2. Experimental section
2.1. Chemicals

Cellulose nanocrystals (CNC) hydrolyzed with sulfuric acid from
wood pulp were provided by CelluForce Inc and used as received.
The ionic surfactants used were alkyltrimethylammonium bro-
mide (C,TAB, n=12 and 16) and sodium dodecylsulfate (SDS)
(=98% purity). All the surfactants were used without purification.
The monomer di(ethylene oxide) methyl ether methacrylate
(MEO;MA, 95% purity, My, = 188.22 g mol~') was purified by pass-
ing it through a basic alumina oxide column to remove inhibitors.
Cerium (IV) ammonium nitrate (CAN, purity > 98%) was used
without purification. All the chemicals were purchased from
Sigma-Aldrich®. The water used to prepare all solutions and dis-
persions was of Milli-Q grade (18.2 M cm).

2.2. Graft polymerization

In a two-neck round bottom flask 0.5 g of CNC powder was dis-
persed in 50.0 mL of water by ultrasonication using a Hielscher
UP100H (Germany), with a MS3 sonication probe. The dispersion
was kept under constant stirring at room temperature (23 °C) for
20 h and purged for 20 min with nitrogen gas. To maximize the
amount of grafted polymer on the CNC surface, a ratio of 100:1
(MEO:MA monomer to -OH groups on the CNC surface) was intro-
duced into the flask. To the CNC dispersion, 1.0 mL of a solution
containing 100mgL~" of cerium (IV) ammonium nitrate was
added dropwise - the drops were only added after the yellow color
from the cerium (IV) solution had disappeared. After this, the nitro-
gen purge was stopped, and the two necks of the flask were sealed
with a rubber stopper and silicone glue. The final product (white
solid agglomerate) was dialyzed against deionized water for
1 week using a membrane with a My, cut-off of 12,000 g mol~".
The reaction mechanism is described in Scheme 1. The product
was then washed and centrifuged at 3,000 rpm during 20 min for
6 times, These procedures were adopted to ensure the complete
removal of unreacted MEO,MA monomers and unbound polymers
that might be physically adsorbed to the CNC [18]. The polymer
molecular weight should not interfere with the phase separation
temperature according to Lutz [14] and therefore, for the purpose
of the present study, it was not determined.

2.3. CNC-g-P{(MEO,MA) sample preparation

Stock dispersions of 3.0 wt% CNC-g-P(MEO,MA]) were prepared
by ultrasonication in an ice bath with a Hielscher UP100H
(Germany), using an MS3 sonication probe for at least 20 min
and were later stored in the fridge. All the experiments were per-
formed with 1.0 wt% CNC-g-P(MEO:MA) by simply diluting the
stock dispersion.

24. "3 Solid-state NMR

13C splid-state nuclear magnetic resonance (*C SSNMR) exper-
iments were performed using a Bruker Avance 400 spectrometer,
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Scheme 1. Reaction mechanism at the CNC surface between MEO;MA and hydroxyl groups in the presence of the cerium ammonium nitrate initiator,

equipped with a Bruker 4 mm MAS double-resonance probe head,
with frequencies of 100.5 and 400.0 MHz for '*C and 'H, respec-
tively. The macroscapic spinning frequencies at 14 kHz were con-
trolled by a pneumatic system that ensures rotation stability
higher than ~2 Hz. Typical n/2 pulse lengths of 3 and 2.7 ps were
applied for C and 'H, respectively. A proton decoupling field
strength of ¥B, /27 = 80 kHz was used. The "*C multiple cross polar-
ization blocks (MultiCP) method described by Johnson and
Schmidt-Rohr was used to obtain quantitative spectra [19]. Here,
9 cross-polarization (CP) blocks with 1 ms were implemented,
while the last CP before acquisition was executed with 0.8 ms,
resulting in a total of 10 CP blocks with a variation of radiofre-
quency (RF) amplitude increment between 90 and 100%. The recy-
cle delay was 2 s and the duration of the repolarisation period t,
was 0.9s [20].

2.5. FTIR-ATR spectroscopy

An Agilent Cary 630 FTIR spectrometer (USA) with diamond
attenuated total reflectance (ATR) with a ZnSe beamsplitter crystal
was used to characterize both the pristine CNC and surface modi-
fied CNC-g-P(MEO:MA). Each sample as analyzed over a frequency
range of 400-4000 cm™' and with a resolution of 4 cm™".

2.6. Thermogravimetric analysis (TGA)

Thermogravimetric experiments were conducted using TA
20.50 equipment (USA). The analyzed samples (pristine CNC
powder, CNC-g-P(MEO,MA) and P(MEO,MA) supernatant) were
put in a platinum pan and heated from 30 to 800 °C at a rate of
10 °C min~ !, under a nitrogen flow rate of 30 mL min—.

2.7. High sensitivity differential scanning calorimetry (HSDSC)

A MicroCal VP-DSC (Northampton, MA, USA) calorimeter was
used for the experiments. CNC-g-P{MEO;MA) dispersions and its
mixtures containing SDS (0.1, 1.0, 5.0, 20.0 and 40.0 mmol kg ')
were added in a 0.5 mL reaction cell and were scanned from 20
up to 110 °C. For the “switch on/switch off” studies, a fixed concen-
tration of 5.0 mmol L' of SDS was used and removed subse-
quently by dialysis. Scan rates were performed at 60°Ch~". For
all experiments, three consecutive runs were performed and the

first one was considered to have erased the grafted-polymer ther-
mal history. Data obtained were treated with the Origin® 7.0
software.

2.8. Transmittance measurements

Transmittance measurements were carried out on an 8453
Spectrophotometer (Hewlett-Packard) (USA), equipped with a Pel-
tier system, at a wavelength of 600 nm under stirring (500 rpm}.
For the determination of the cloud point of CNC-g-P(MEO:MA)
the dispersion was heated from 15 to 40°C and then cooled to
15°C at a rate of 1.0 °C min~". Three consecutive cycles were per-
formed, and the first cycle was intended to erase the thermal his-
tory of the grafted polymer.

2.9. Isothermal titration calorimetry (ITC)

A MicroCal VP-ITC (Northampton, MA, USA) was the calorime-
ter used for these experiments. Aliquots ranging from 3 to 10 pL
were added stepwise by an automatic injection syringe containing
270 pl of a concentrated surfactant solution (at least twelve times
above its cmc value) into the reaction cell of 1.43 ml, containing
either water or a CNC-g-P(MEQ,MA) dispersion, with a 5 min inter-
val between injections. Two different temperatures were used in
the experiments: 15 °C and 40 °C, below and above the CNC-g-P
(MEO,MA) LCST, respectively. All the experiments were performed
in duplicate. Data obtained were treated with the Origin® 7.0
software.

2.10. Electrophoretic mobility and particle size determination

Electrophoretic measurements were carried out using a Nano ZS
Zetasizer (Malvern Instruments) (UK). It uses an M3-PALS tech-
nique - a combination of phase analysis light scattering and laser
Doppler velocimetry. The CNC-g-P(MEO:MA) concentration was
fixed while the surfactant concentration was varied. When mea-
suring highly concentrated surfactant solutions, only the pg sign
is relevant, for there is a contribution from both the C,TAB-CNC
complex and the bulk micelles [21]. The experiments were per-
formed in triplicate for all the systems.

For particle size determination (wavelength of 632.8 nm and
detection angle of 173°), the apparent hydrodynamic diameter
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(dyygappy) was measured at 15.0 £ 0.1 °C and at 40 £ 0.1 °Cfor C,,TAB
and SDS, respectively. All the experiments were performed in
triplicate.

3. Results

3.1. CNC-g-P(MEO;MA) characterization

3.1.1. 13C Solid-state NMR experiments

The MultiCP technique provides quantitative high sensitivity
13C SSNMR spectra, enabling a good signal-to-noise ratio curve
with reduced measurement time. Thus, the surface modification
on the CNC by polymer grafting could be followed using SSNMR.

Fig. 1a shows the '*C MultiCP SSNMR spectrum of CNC. The
peak pattern is similar to the ones presented by Bernardinelli
et al. [20], Simmons et al. [22], and Kedzior et al. [ 18] for cellulose
signals, with some minor differences due to the use of CNC and '’C
MultiCP sequence. Based on the prior knowledge, the cellulose
peaks are assigned at 62.8 ppm (carbon CZ - surface cellulose),
65.3 ppm (carbon C} - internal cellulose), region between 70 and
78 ppm (carbons C, 55 surface/internal cellulose), 84.0 ppm (car-
bon C3 - surface cellulose), 89.0 ppm (carbon C} - internal cellu-
lose), and 105 ppm (carbon C, - surface/internal cellulose) [20,22].

Fig. 1b shows the 'C MultiCP spectrum of the CNC-g-P
(MEO,MA). All the peaks were integrated using Gaussians/Lorent-
zian deconvolutions and the quantity of each chemical group could
be determined, except for the chemical shift range between 50 and
75 ppm, where the signal stemming from the CNC and the grafted
polymer overlapped and deconvolution was not possible. The CNC-
2-P[MEO:MA) spectrum shows a clear contribution from the CNC
signals and the presence of the polymer on its surface. It is not pos-
sible, however, to assess a specific shift in the spectra caused solely
by the polymer grafting and we could not confirm whether or not
there is a chemical linkage between CNC and P(MEO;MA) chains
| 18]. Therefore, it was assumed that any polymer chains that were

a €235
U
QN =
S e
CNC

C-backbone
CHs
£
c=0 > CHy
/ S.8. e l f\
200 150 100 50 0

3¢ Chemical shift

Fig. 1. "C MultiCP SSNMR spectra for: (a) Pristine CNC; (b) CNC-g-P{ MEO;MA); and
(€) subtraction of the C MultiCP SSNMR spectra “a” and “b". The * symbol
represents carbons from anhydroglucose units from the CNC surface,

not bound to CNC would have been removed by washing/dialysis
procedures. When comparing the signal ratio from C}/C3 (Fig. 1a)
to C4 (Fig. 1b) there is a decrease in its signal from a) to b) that
can be related to an increase in the order of the cellulose rings of
the CNC by removing amorphous regions in between crystalline
domains as seen in other studies [ 20,23 ,24]. The crystallinity index
was determined in the spectral region in which the signals of the
ordered cellulose domains (carbon C} - internal cellulose) and dis-
ordered cellulose domains (carbon Cj - surface cellulose) could be
distinguished [20,22]. For this purpose, the peaks at 80-86 and 86—
94 ppm were deconvoluted through two Gaussians centered at 84
and 88 ppm in order to compare the disordered and ordered cellu-
lose domains, respectively [ 20,25]. The crystallinity index value for
the CNC was 53% while for the CNC-g-P(MEQ,MA) was 58%, which
showed a trend of increasing overall order caused by the polymer
grafting.

To address the overlap of the spectra in the region 50 to 75 ppm,
the subtraction of the CNC-g-P{MEO2MA) spectrum by the CNC
spectrum was performed, as showed in Fig. 1c. With this approach
it was possible to isolate the peak associated with the P{MEO.MA)
polymer chains and a proper assignment of their signals. Their val-
ues are labeled as CHs (17 ppm), C-backbone (45.3 ppm), OCH;
(55.6 ppm), OCHz (58-75 ppm) and C=0 (carbonyl 178 ppm) [18].

The number of carbon atoms in each chemical group for the P
(MEO2MA) polymer is shown in Table 1.

3.1.2. FTIR-ATR experiments

FTIR-ATR spectra of both pristine CNC and CNC-g-P{MEO2MA)
are presented in Fig. 2. Pristine CNC spectrum peaks are in accor-
dance with previous studies [11,18,26]. The presence of a new peak
at 1723 cm™' at the CNC-g-P(MEO,MA) spectrum is characteristic
of a new C=0 bond on the CNC surface agreeing with the proposed
ring opening mechanism [15,27].

3.1.3. TGA experiments

Fig. 3 shows the decomposition curves obtained for pristine
CNC, CNC-g-P(MEO2MA) and the supernatant comprising mostly
of P(MEOsMA) loose polymer chains and unreacted monomers.
Analyzing Fig. 3 (inset-derivative weight) we see that the pristine
CNC (black curve) and CNC-g-P{MEO2MA) (red curve) profiles were
superimposed and displayed a pyrolysis process starting at 275 °C,
that is attributed to the presence of sulfate groups on the surface
associated with the acid hydrolysis of cellulose [28-30]. The pyrol-
ysis process at higher temperatures of 350 °C and 600 °C is attrib-
uted to a slow char residue formation [28,29]. However, CNC-g-P
(MEOsMA) displayed an initial peak at a lower temperature of
185 °C. This indicates a reduction in the CNC thermal stability after
polymer grafting [30]. In the proposed mechanism for the cerium
(IV) ammonium nitrate ion initiated “grafting-from" radical reac-
tion [9,18], it was suggested that the covalent bonds between C2
and C3 on the anhydroglucose units at the surface are broken

Table 1

Mumber of carbon atoms in each chemical group of
the polymer grafted on the CNC surface obtained by
"€ MultiCP SSNMR.

Chemical group MNumber of carbon atoms

AGU 15403
=0 1.040.1
OCH, 46404
OCH, 12401
C-backbone 16402
CH, 12401

" anhydroglucose unit.
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Fig. 2. ATR spectra obtained for (a) pristine CNC and (b) CNC-g-P(MEQ; MA).

—— Pristine CNC
—— CNC-g-P(MEO,MA)
—— Supernatant

Weight / %

T T T T T
0 100 200 300 400 500 600 700 800
Temperature / °C

Fig. 3. TGA thermograms obtained for Pristine CNC (=), CNC-g-P{MEQ2MA) (],
and Supernatant (==, Inset shows the derivative weight loss thermograms of the
three samples.

| 18]. The supernatant (blue curve) does not show any significant
traces of CNC - there is only one transition temperature starting
at 85 °C throughout the entire temperature range.

3.1.4. HSDSC and transmittance experiments

In order to assess the LCST behavior of CNC-g-P(MEO,MA), we
performed a series of experiments using HSDSC and transmittance
measurements (Fig. 4). The HSDSC results showed a temperature
transition in the range of 24.3 to 35.4°C, with a maximum at
25.0°C; after this point the curve kept decreasing and did not
return to the base line, in a similar way as proteins [31]. These
results are in close agreement with the ones obtained by transmit-
tance: a temperature transition in the range of 20.3 to 34.8 °C, with
a maximum at 23.0 °C. Similar results were reported by Lutz et al.
| 14] and Grishkewich et al. [11]. Fig. 4 also shows that the ther-
moresponsive behavior is reversible and presented some hystere-
sis that is associated with the dehydrationfaggregation (heating,
red curve) and rehydration/redispersion (cooling, blue curve) pro-
cess, the latter being a slower process than the former. Three con-
secutive runs were performed for each technique and the system

showed reversibility after the grafted-polymer thermal history
was erased.

3.1.5. Mixtures containing CNC-g-P(MEO,MA )/surfactants

The polymer-grafted CNC is considered to be completely dis-
persed in aqueous solution at a temperature below its LCST as con-
firmed by visual inspection for concentrations up to 1.0 wt%.
Increasing the temperature of the system beyond its LCST pro-
duced a visual phase separation that could be reversed by the addi-
tion of surfactants. By using ionic surfactants with the same alkyl
chain length, we could assess both the hydrophobic contributions
and their binding affinity, such as to the polymer chain coil/glob-
ules and/or the CNC negative charges. This could be achieved using
oppositely charged surfactants, cationic C,2TAB and anionic SDS.

3.1.6. ITC experiments

To examine the effects of the addition of ionic surfactants with
different electrical charges on CNC-g-P(MEO3MA), we performed a
series of calorimetric titration experiments with both C,2TAB and
SDS at 15 and 40 °C, below and above the LCST, respectively
(Fig. 5a and b). Electrostatic interactions would not be affected
within this temperature range, while hydrophobic interactions
are expected to be significantly affected because of the large ACp
associated with the hydrophobic effect [32]. For C1»TAB (Fig. 5a),
an interaction with the negative sulfate-ester groups on the CNC
surface is expected at both temperatures. However, cationic surfac-
tants are known to present a lower interaction with hydrophilic
polymers [33,34] due to their large trimethylammonium head-
group. Therefore, we would expect to see no significant hydropho-
bic interactions at 15 °C, whereas at 40 °C some binding interaction
is expected due to the hydrophobicity of POEGMA above its LCST.
At a lower surfactant concentration range, from 0.5 up to
2.0 mmol kg~' (Fig. 5a), there is a small peak in the titration curve
of the CNC-g-P(MEO:MA) that is associated with electrostatic
interactions, regardless of the temperature |7]. Increasing the sur-
factant concentration to 7.2 mmol kg~ ' we observed one peak for
the system at 40 °C that is attributed to hydrophobic interactions
between the surfactants and the polymer chains. This is associated
with the polymer-induced micellization process, and the critical
aggregation concentration (cac) has been reported previously
[35-37].

Comparing the ITC results of C,,TAB (Fig. 5a) with SDS (Fig. 5b),
our hypothesis of electrostatically bound surfactant was con-
firmed. SDS can only interact with the grafted polymer chains
and this is reflected in the titration curves in the presence of
CNC-g-P(MEQ,MA). At 15 °C, there is a small exothermic interac-
tion (~1.8kImol~") at a surfactant concentration of
0.9 mmol kg, while at 40 °C there is a much more pronounced
interaction (—18.2 k] mol~"), with both peaks corresponding to a
polymer-induced micellization (cac). This difference is attributed
to the rehydration of the grafted polymer chains for the binding
interaction between CMNC-g-P(MEO,MA) and SDS. At 40 °C the
grafted polymer chains acquire a globular structure and are dehy-
drated (into the micellar aggregates), a phenomenon similar to (N-
isopropylacrylamide), PNIPAM [38,329]. When SDS was added to
the system it was responsible for the formation of micellar aggre-
gates around the P(MEO;MA) chains, and they assumed a coil fash-
ion and were rehydrated (moving to outer regions of the micellar
aggregates).

3.1.7. Electrophoretic mobility and particle size measurements

By preparing mixtures containing CNC-g-P(MEO:MA) while
varying the surfactant concentration in the same range as studied
by ITC, we could gather more information on the interaction
between CNC-g-P{MEO:MA) in the presence of C;2TAB and SDS
at the two temperatures of 15 and 40°C. Fig. 6 shows elec-
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trophoretic mobility (a and b) and particle size (c and d) results for
C12TAB (left) and SDS (right).

For the mixtures containing 1.0 wt% CNC-g-P(MEO;MA) and
increasing C,;TAB concentrations (0, 0.5, 4.0, 7.0, 16.0 and
32.0 mmol kg~ ")(Fig. 6a), there is a sign inversion for their surface
charge from negative to positive values at low surfactant concen-
tration that corresponds to the first small ITC peak (0.5 mmol kg~')
and which can be associated to the charge neutralization on the
CNC surface. Increasing the surfactant concentration led to more
positive electrophoretic mobility values, with values obtained at
40 °C more positive than the ones obtained at 15 °C. For the first
two concentration points (0.5 and 4.0 mmol kg~') it was not possi-
ble to measure the particle size (Fig. 6¢), which are correlated to
the small ITC peak observed. The CNC-g-P(MEO,MA)/C,,TAB mix-
tures were turbid and agglomerated (Figs. S1 and S2 in Supplemen-
tary Material). This is why there is a dashed line connecting the
points for pure CNC-g-P(MEO,MA) to the point related to a surfac-
tant concentration of 7.0 mmol kg~', where we have the second

peak at 40 °C in the ITC experiments (Fig. 5a). It shows how large
the particles became (>2 um) especially at 15 °C because of the
aggregation/agglomeration of the CNC-g-P(MEO2MA) particles. At
high surfactant concentration the particle size at both tempera-
tures decreased to values of 610 + 50 nm and the mixtures became
transparent again (Fig. S2 in Supplementary Material). We can
assume that the binding of C,,TAB to the CNC-g-P(MEO,MA) parti-
cles at high temperature occurs in a sequential manner: it first
binds to the negatively charged sulfate-ester groups as was
observed for pristine CNC [6,7], followed by a polymer-induced
micellization (cac) because of its interaction with the polymer,
which causes the now C;,TAB decorated CNC-g-P(MEQ,MA) parti-
cles to repel each other and to remain dispersed in solution [ 16]. At
15 °C the cationic surfactant binds solely to the negative electro-
static charge on the grafted CNC surface, providing some steric hin-
drance along with the surface grafted hydrophilic polymer chains
that would prevent the CNC rods from agglomerating. This con-
trasts with what we have previously reported for pristine CNC
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|7]. Additionally, at 15°C the surfactant-decorated CNC-g-P
(MEO,MA) particles are more hydrophilic when compared to pris-
tine CNC, therefore preventing agglomeration.

For the mixtures containing 1.0 wt¥ C(NC-g-P(MEO,MA) and
varying SDS concentrations (0, 0.3, 15, 4.0, 100 and
16.0 mmol kg~ 1), the electrophoretic mobility (Fig. 6b) became
more negative with increasing surfactant concentration. Analyzing
the particle size results (Fig. 6d) at 15 °C, there is only a slight vari-
ation at all SDS concentrations. With the mixtures at 40 °C there
was a considerable increase in the particle size (from 206+ 1 to
410 £70 nm) at a surfactant concentration of 0.3 mmol kg~ that
is associated with the polymer-induced micellization process
(cac) as indicated by the peak in the ITC results (Fig. 5). Increasing
the SDS concentration caused the particle size of the mixtures to
decrease to 230 £ 20 nm. Within this latter size range, these mix-
tures became transparent and did not display any visual agglomer-
ation and/or aggregation (Figs. S3 and S4 in Supplementary
Material). At 40 °C, the increase in the particle size at low surfac-
tant concentration may be related to the aggregation of SDS/
CNC-g-P(MEO:MA) complexes. As SDS concentration increases,
the polymer-induced micellization between SDS and P(MEO:MA)
chains produces a physical network of several SDS/CNC-g-P
(MEO:MA) aggregates. When the SDS concentration was further

increased, these aggregates began to repel each other, causing a
reduction in the particle size. This phenomenon is identical to
the one reported for the interaction of surfactants with
hydrophobically-modified polymers, where a peak in wviscosity
was observed at intermediate surfactant concentration, that was
ascribed to the formation of a physical polymer network [40].

3.1.8. “Switch on/switch off" mechanism for CNC-g-P(MEOMA )/SDS
mixture

As described earlier, depending on the concentration of C,,TAB
surfactant in the CNC-g-P(MEO,MA) (ca. 16.0 mmol kg, Fig. 52,
Supplementary Material), it was possible to reverse the phase sep-
aration above its LCST of 40 °C, by activating the “'switch on" mech-
anism with the removal of the surfactant. Our next step is to
remove the added surfactant by dialysis, where the CNC-g-P
(MEO2:MA) dispersion could undergo phase transition once again,
hence producing a “switch off" mechanism. However, the C,2TAB
surfactant could not be removed from the mixture even after dia-
lysing 3 times/day for 1 week, due to its strong electrostatic inter-
actions with the sulfate-ester groups on the CNC surface - some
flocs would still remain in solution (Fig. 55 in Supplementary
Material), as observed previously [7].
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To avoid such strong electrostatic interactions, we decided to
study the mixture containing CNC-g-P(MEO.MA)/SDS, where
hydrophobic interaction occurs between the polymer chains and
surfactant alkyl chains. We further investigated the LCST behavior
in the presence at various SDS concentrations. From the HSDSC
measurements, the polymer dehydration associated with the criti-
cal temperature was observed as an endothermic peak [11]; these
results are shown in Fig. 7.

At the lowest SDS concentration added to the system
(0.1 mmol kg~'), a shoulder appeared at around 25 °C, while the
peak related to the P(MEO2MA) phase transition was shifted to a
higher temperature at around 29 °C - the phase separation was
centered at 25 °C for pure P(MEOsMA). This increase in phase sep-
aration temperature is ascribed to the charges associated with the
surfactant-polymer complex as reported for other systems on the
increase of charged groups in the copolymers [41] or interaction
with surfactant [42].

Beyond the surfactant concentration of 1.0 mmol kg~', two dis-
tinct peaks appeared in the DSC curves: a large one at lower tem-
peratures, and a broader one at higher temperatures. This behavior
was observed up to a concentration of 20.0 mmolkg~', above
which the phase transition was beyond the detectable limit of
the instrument. The interesting consequence of these results is
the deconvolution of the phase transition to a two-stage dehydra-
tion process when SDS concentration exceeds 1.0 mmol kg~'. This
phenomenon has not been reported until now. The same process
was observed previously by our group when studying PNIPAM in
the presence of increasing SDS concentrations (see Supplementary
Material for further information).

Table 2 shows the values of T, (°C) at various SDS concentra-
tions. A plot of T, obtained for the first peaks as a function of
SDS concentration (Fig. S6 in Supplementary Material) shows that
the LCST presented an exponential growth, much similar to what
was found by Schild & Tirrell [39] when studying sodium n-alkyl
sulfates in the presence of poly (N-isopropylacrylamide), PNIPAM.

The SDS concentration of 5.0 mmol kg~' was chosen to verify
the concept of a “switch on/switch off” mechanism in the following
manner (images are shown in Fig. 8 top and their HSDSC curves in
the bottom). To a pure dispersion of CNC-g-P{MEO,MA) at a tem-
perature above its LCST (1) we added SDS and the system became
clear (2, “switch on"), with the two expected peaks appearing in

40.0 mmol kg” SDS
endo

20.0 mmol kg” SDS

5.0 mmol kg” SDS
AN

1.0 mmol kg"'SDS
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Fig. 7. HSDSC curves for 1.0wi% CNC-g-P{MED,MA) in the presence of increasing
5DS concentrations.

Table 2
Phase separation temperature, T,, (°C), obtained from HSDSC curves as a function of
SDS concentration.

SDS concentration/mmol kg ' T/ °C

00 250

01 252 289°
1.0 367 46.3
5.0 G4.7 748
200 105.8 -
400 -

Dialyzed 250

" T,, obtained at the maximum of the second peak (using 1st derivative .
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-
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Fig. 8. Pictures taken at around 40°C, showing the switch onf switch off
mechanism applied to dispersions containing 1.0 wt% CNC-g-P(MEO,MA] (samples
1,3 and 5) and 1.0wt% CNC-g-P{MEO,MA) in the presence of 5.0 mmol kg~ ' SDS
(samples 2 and 4), as explained in the text.

the HSDSC curve. Dialysis was performed on the final mixture by
replacing the dialysis medium three times within 24 h - the sys-
tem was turbid at higher temperature. Another HSDSC measure-
ment was performed and it confirmed that the SDS surfactant
was removed from the mixture, which was indicated by the pres-
ence of only one transition peak at 25.0 °C (3, “switch off") related
to the pure CNC-g-P(MEQ-MA) dispersion. SDS was added again to
the dispersion, which became clear even at high temperature (4),
and its HSDSC curve resembles that of system 2. We repeated
the dialysis procedure and yet again obtained a pure CNC-g-P
(MEO:MA) dispersion (5, “switch on"), with a smaller peak this
time due to dilution effects caused by handling during dialysis.
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4. Discussion

Although C,,TAB is able to bind and decorate pristine CNC and
alter its surface charge characteristics, precipitation still occurred
with particles displaying high surface charge. This was previously
reported and associated with the cross-linking effect of surfactant
aggregates bound to different CNC particles [7]. The presence of P
(MEOsMA) polymer chains provides more binding sites for the sur-
factant. When additional C,2TAB is added it can bind to the poly-
mer chains as well, which enhances the stability of the CNC in
solution. In addition, when temperature is raised above its critical
solubility temperature, the polymer becomes hydrophobic,
enhancing the surfactant affinity and binding. Using a thermo-
responsive polymer with a phase transition near room tempera-
ture (starting at 23.6 °C, Fig. 4), we were able to visualize this phe-
nomenon. Below the LCST, C;2TAB surfactant initially binds to the
negative sulfate-ester groups on the CNC. C;>TAB will only bind to
P{MEO:MA chains at higher surfactant concentrations, at half the
cmc. Above the LCST there are sufficient hydrophobic domains
brought about by the dehydration of the polymer chains, which
promotes the intermolecular interactions between the CNC rods.
The cationic surfactant can now bind to aggregated CNC rods as
revealed by a peak associated with an exothermic process
(Fig. 5a) and by the large particle size observed (Fig. 6¢). These
hydrophobic interactions with the polymer chains are reversible
and the bound surfactant molecules could be removed by dialysis,
while the surfactant bound to the negative charges cannot be
removed (see Fig. S5, Supplementary Material). Overall, the
remaining surfactant prevents the full redispersion of this system
even after extensive dialysis.

As SDS possesses the same electrical charge as CNC, the only
possible interaction between them is via the binding to P(MEO,-
MA) chains. This can be seen by the presence of an exothermic
peak in the ITC results (Fig. 5b) regardless of the temperature
and it becomes more prominent at 40 °C (above LCST). As observed
for PEO in the presence of SDS, the polymer chains of P(MEO,MA)
at a temperature above LCST can be rehydrated and incorporated
into micellar aggregates |43 44/|. This causes a continuous decrease
of the electrophoretic mobility (Fig. 6b) and the formation of larger
aggregates (Fig. 6d), at a surfactant concentration where only one
peak is showed in ITC results (Fig. 5b).

As revealed by HSDSC results (Fig. 7) the presence of an increas-
ing amount of SDS caused a shift in the phase transition tempera-
ture to higher values. In addition, the SDS bound to the polymer
chains enhanced the negative charges on the CNC-g-P(MEO,MA)/
SDS complexes (lower temperature peak in Fig. 7) [39,4546]. It is
interesting to note that at intermediate SDS concentrations
(Fig. 7), two endothermic peaks were observed, a phenomenon that
is nor clearly understood at the moment. Increasing the SDS con-
centration, from 1.0 to 5.0 mmol kg~! did not lead to an increase
in any of the two peaks, suggesting that the probable formation of
two different populations arising from an unequal distribution of
SDS monomers bound to the polymer grafted CNC. It seems that
at higher SDS concentrations these two peaks merged, although
our instrument could not assess the highest phase transition tem-
peratures. This could be illustrated by comparing the HSDSC curve
at 5.0 mmol kg~ SDS (Fig. 7) with the ITC curves obtained at 40 °C
(Fig. 5b). At 40 °C, the ITC results indicated that SDS aggregation on
the polymer-grafted CNC surface commenced ata very low concen-
tration (the ITC curvesin the presence and absence of surfactant are
diverging from each other at the very first few injections). The max-
imum of interaction between SDS and CNC-g-P{MEOQ2MA) occurred
at a concentration of 1.0 mmol kg~ (lowest AHJy. values observed)
and it continued up to 6.0-7.0 mmol kg~'.

Because the interactions between SDS and CNC-g-P(MEQ:MA)
are purely hydrophobic, they could be removed by dialysis. This

was not possible with an oppositely charged surfactant because
the electrostatic interaction is much stronger. With this procedure,
a reversible phase transition corresponding to a “switch on/switch
off" mechanism (Fig. 8) was demonstrated by adding and removing
surfactant by dialysis. This finding not only confirms the dual nat-
ure of surfactant interactions with polymer grafted CNC (electro-
static and hydrophobic) but serves as a proof of concept for the
observed switch on/switch off process. For practical applications,
this could be further improved in order to allow a faster and more
efficient surfactant removal or extended with the use of surfactant
scavenger molecules such as cyclodextrins.

5. Conclusions

The surface modification of CNC with a thermo-responsive
polymer P(MEO,MA) was confirmed by NMR, FTIR-ATR and TGA
techniques, and its reversible phase transition was demonstrated
by performing DSC and transmittance experiments that suggests
that polymer grafting onto CNC did change its thermal behavior.
ITC was used to study the interactions between CNC-g-P
(MEO,MA) and two oppositely charged ionic surfactants with the
same alkyl chain length, the cationic C,,TAB and the anionic SDS.
With DSC measurements we were able to assess the changes in
the temperature of phase transition of CNC-g-P{MEO,MA) in the
presence of increasing concentration of SDS. We could also verify
the concept of “switch on/switch off mechanism” for a mixture
containing 1.0 wt% CNC-g-P(MEO-,MA) and 5.0 mmol kg~' of SDS
by simple dialysis.

By grafting a thermo-responsive polymer on the CNC surface
and with the addition of ionic surfactants to the system above its
phase transition temperature, we were able to redisperse C,TAB/
CNC-g-P(MEO,MA) mixtures. In the case of cationic C,,TAB surfac-
tant, not only it was able to bind to the P(MEQ,MA) polymer chains
at temperatures above its LCST due to hydrophobic interactions
between the polymer chains and the surfactant alkyl chains, it
could also strongly be bound electrostatically to the CNC negative
charges, preventing its complete removal even after one week of
dialysis. Anionic SDS surfactant was bound to the polymer chains
regardless of the temperature; however, a more intense binding
occurred above the LCST, in a similar fashion as for C,2TAB, and
the SDS molecules could be completely removed from the CNC-g-
P(MEO2MA)/SDS complexes after dialysis. Increasing the SDS con-
centration increases the phase transition temperature of CNC-g-P
(MEO:MA). Dialysis can remove the SDS surfactant from the mix-
ture, which could be used to tune the phase transition behavior.

The findings from this work provide new insights on the surfac-
tant binding to polymer-grafted CNC. Surface modification is one
way of tuning the number of binding sites [47] and it also demon-
strates that CNC derivatives in the presence of surfactants could be
applied in various systems such as, drug delivery [48,49], emulsion
stabilizers [50], water remediation |51], bacterial imaging [52], as
well as many other applications presented in recent reviews by
Xie et al. [12], Klemm et al. [53] and Grishkewich et al. [54] to list
a few, where nanoparticle coagulation and redispersion might be
desirable.
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ABSTRACT: The preparation of inclusion complexes based on a-
cyclodextrin (@-CD) and oligo(ethylene glycol) methyl ether
methacrylate (OEGMA) was investigated aiming to reveal
complexation particularities and thermodynamic and kinetic
aspects as a function of the oligomer architecture. Small-angle X-
ray scattering and isothermal titration calorimetry measurements
revealed that oligomer molecular weight controls both the kinetics
and thermodynamics of inclusion. Unlike linear ethylene glycol
polymers, OEGMA groups possess a methacrylate group, which
seems to act as a stopper, affecting their mode of complexation. g
Nuclear magnetic resonance spectra and relaxation measurements e
support the fact that methacrylate groups lie outside the @-CD ring

and that a full sequential complexation of the oligomer ethylene oxide groups is not observed. These results allied to the temperature
sensitivity of these oligomers and enable possible routes for chemical modifications and design of new stimuli-responsive materials.
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1. INTRODUCTION ponsive polymers has sparked a great deal of interest because
of the possibility of controlling their lower critical solution
temperature (LCST) through the complexation of their
responsive moieties.”” Formed by the cyclization of six glucose
units, a-cyclodextrin (a-CD) possesses a truncated cone ring
shape with an inner cavity, displaying a maximum diameter of
0.53 nm and height of 0.78 nm. These dimensions are
compatible with the size of stretched ethylene oxide (EO)
units present in different polymers and oligomers, among
which one is oligo(ethylene glycol) methyl ether methacrylate
(OEGMA).

This oligomer and its derived pol}'mem were extensively
studied by Lutz and collaborators 011 because of their
biocompatible and thermoresponsive properties, ideal to be
used in sustainable drug release'” and injectable l'1yc1rcigelsn or
even to preserve protein structures.'” Unlike PEG, the EO
moieties present in poly oligo(ethylene glycol) methyl ether
methacrylate (POEGMA) are not in the polymer backbone
but appear as side chains, and their size can be used to control
polymer LCST by tuning the EO chain length.]"' Despite the
great potential of POEGMA in the preparation of smart gels

Supramolecular interactions have been used as a tool to create
systems that are not based on covalent bonds, and, as a
consequence, can assemble into reversible structures. Nowa-
days, thermoresponsive and self-healing gels are common
examples of this approach. Barlier investigations on the topic
are focused on the most basic phenomena and inclusion
complexation (IC), which ultimately lead to the fabrication of
fundamental molecular machines."* The achievement of the
so-called inclusion complexes is based on host—guest
interactions, where a macrocycle motif is able to thread
specific molecules inside its cavity.

Both chemical affinity and adequate size affect the
thermodynamic parameters that govern the formation of
such complexes. As frequently discussed in the literature, van
der Waals and hydrophobic interactions are the main factors
involved in this complexation phenomenon, although hydro-
gen bonding and steric effects can also influence this process.”
Several host—guest combinations have been used to prepare,
for instance, polyrotaxanes (and pseudorotaxanes), which have
been proposed as biomimetic systems to study different
biologically relevant processes, such as drug delivery and other
uses of colloidal systems.“’i Received: February 19, 2020

After pioneer work published by Harada and co-workem,b’? Accepted: April 1, 2020
who used polyethyleneglicol (PEG) as guest molecules to be Published: April 17, 2020
included into cyclodextrin (CD) hosts, the association of
macrocycles with polymers proved to be useful to control their
molecular properties in solution. Recently, IC of thermores-

@ 2020 American Chemical Society https/fdxdoi.ong/1 01021/ acsomega 0c00741
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Figure 1. Analyses of solid IC through optical microscopy (a), XRD patters of 1:1 IC complexes (b), and mass yield of ICs as a function of CD/
OEGMA ratio (c). Dashed lines are guides to the eyes.

Table 1. Composition of Samples and Characteristics of the Resulting Precipitates

composition” (OEGMA-M,) EO units in OEGMA  complex ID CD/OEGMA” ratio (n) yield® range (wt %) phase separation time* complex aspect

OEGMA, g/ a-CD 2 EO,CD, 1 30 minutes,/hours powder
OEGMA,;y/a-CD 4-5 EO.CD, 1-2 2348 hours powder
OEGMA, / a-CD 20 EQ,,-CD, 1-10 25-84 days powder/gel
OEGMA, g/ ta-CD 45 EQ-CD, 1-20 2877 weeks/no separation gel

“Subscript values on OEGMA represent its nominal molecular weight (g-mol™). “Minimum and maximum mole ratio between a-CD and the
OEGMA chain used to prepare different ICs. This is also represented as the subscript in the complex ID, as EO,-CD,. “Referring to different CD/

OEGMA ratios, calculated as Y% = Wic
Worgws + Wen
can be found in the Supporting Information, Figure S1 and Table S1.

. “Dependent on sample composition. Pictures of the suspensions and more comprehensive data

and other biomedical materials, few information is available characterized by the appearance of a new peak at 20 =
about its complexation with macrocycles (such as a-CD). 19.9°, which is observed for all IC samples, independent of
Systems based on cyclodextrins and POEGMA are until now oligomer molecular weight. According to Bragg's Law, this
limited to the preparation of some hydrogels based on di-block peak indicates d = 4.5 i and may be ascribed to a tubular
polymers.'*"” structure of the formed crystals. At the same time, fading of the
Besides the presence of EO groups, OEGMA behavior is peak at 20 = 21.6° suggests the absence of pristine cyclodextrin
also influenced by the presence of a methacrylate group which in these solid samples.”
occupies one end of the oligomer chain. Because the formation It can also be observed that samples EO,,-CD, and EO,,-
of psendorotaxanes is dependent on macrocycle—polymer end CD, display a new secondary peak at 20 = 19.2°. The same
group interactions, the role played by the methacrylate group is peak was previously observed by Zou et al,” studying a
essential to understand the IC of these oligomers. In this paper, copolymer containing an OEGMA block (M,, 450 g-mol")
we will discuss the complexation mechanism of POEGMA complexed with @-CD. The position of such a peak is
monomers (i.e, OEGMAs) and their potential application in consistent with the diffraction pattem of PEG crystals,

polymer synthesis and in modulation of thermal properties. suggesting the presence of free EO (1:1 samples) units that
For this purpose, we present results from different can form crystalline domains upon dr}"ing.n Similarly, Travelet
experimental techniques to demonstrate the importance of et al.”® reported that the crystallinity of free EO moieties is

oligomer molecular weight and the OEGMA to @-CD ratio affected by the amount of @-CD present.

during inclusion to form OEGMA/a-CD complexes. For all samples, free EO groups seem to be present. As

observed in Figure lc, an increase in the amount of a-CD

2. RESULTS (higher CD/OEGMA ratio) leads to higher mass yield of the

2.1. Characterization of Solid Complexes. One of the complex, with maximum yields around 70-80 wt % being
first signs of IC is an increase of sample turbidity, which usually achle?red gTable _1)- These values are almost twice those
(but not always) is followed by the appearance of a white solid described in the l.g:'e.ratu.re for ICs based on star-poly(ethylene
precipitate. In this study, the obtained solids were isolated glycol) molecules™ but very similar to those reported for long
through water removal and analyzed by optical microscopy, X- PEG-based molecules containing a bulk end group, where a
ray diffraction (XRD), and gravimetry. plateau is described at high CD concentration.” If precipitate

Figure la shows isolated particles observed by optical washingis not fully efficient in removing free CD, these values
microscopy. Despite their wide range of sizes, particles present may be slightly biased toward higher CD/OEGMA ratios.

a plate-like aspect with an approximate size of around 10 um. Longer EO moieties lead to an increase in IC mass yield,
Previous studies revealed that the layer of individual PEG /a- suggesting that the oligomer size affects complexation
CD inclusion complexes normally present a thickness of 10 efficiency, indicating that the exclusion of high-energy water
nm, which indicates that particles observed are probably molecules from the CD cavity may not be the only force
formed as a laminated structure.'® The crystalline character of driving this process, as previously proposed by Takahashi et al
such solids could be probed by XRD (Figure 1b), showing (2016)." Besides, the size of the oligomer also modifies the

some complex diffraction pattems, as described by He et al kinetics of incorporation, as established from visual observation
(2005)."” The formation of an inclusion complex is of mixtures. The arising cloudiness and, in some cases, complex
9518 hit psy/fdx doi org1 0.1021/acsomega 0c00 741
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precipitation can vary from minutes to weeks depending on
OEGMA molecular weight. These phase separation phenom-
ena seem to be related to the ability of longer molecules to
produce nonstoichiometric complexes (ie, complexes whose
composition differs from the expected EQ/CD ratio). Earlier
literature describes the sequential complexation of @-CD units
along linear polymer chains to form “necklace” structures
called pseudorotaxanes (PRs).*® A ratio of 1 unit of @-CD for
each 2 units of EO (2:1) is usually described in the literature as
the value of oligomer saturation during the formation of such
complexes.z"

To further explore such multiple complexations, different
ratios between @-CD and OEGMA were used in order to
obtain saturated PRs. The visual inspection of these samples
follows the same tendency previously described here and in the
literature.** Solutions containing longer oligomers take longer
times to display cloudiness. Concerning the CD/EO ratio,
higher amounts of @-CD lead to a faster increase of suspension
turbidity. However, longer oligomers (EO,-CD, and EO,-
CD,) do not present the formation of a well-defined solid
precipitate at the investigated compositions. For these ICs,
after following certain samples for § weeks, the formation of a
consistent white gellike material is observed. Here, it is worth
to note that visual observations (eg, turbidity and precip-
itations) are related to the aggregation of formed complexes
because early stages of threading cannot be verified by the
visual aspect of the samples.™

2.2. Nuclear Magnetic Resonance Techniques. In
order to understand IC structures and the role of different
moieties in complexation, several nuclear magnetic resonance
(NMR) techniques were explored.

22.1. 'H Nuclear Magnetic Resonance. Initially, the
spectra of pristine components were obtained. As observed
in Figure §2, the @-CD spectrum shows characteristic glucose
peaks at 3.4 ppm (m, H-3), 3.8 ppm (m, H-5), 3.9 ppm (m, H-
2), and 5.0 ppm (s, H-1), similar to those described by
Schneider ef al.”” The oligomers (e.g, EO,) present peaks at
1.9 ppm (s, CH,), 3.2 ppm (s, CH,), 3.6 ppm (m, —CH,), 4.2
ppm (t, —CH,), 5.6 ppm (s, CH), and 6.1 ppm (s, CH). As
also demonstrated in Figure S2, ICs spectra are found to be
very similar to the superposition of @-CD and OEGMA peaks.

Furthermore, sample stoichiometry was complementarily
determined by "H NMR and gravimetric methods. Such a
complementary approach was necessary because of limitations
of each method. Gravimetry fails to predict sample
composition at lower @-CD concentration because an
unknown amount of oligomers and macrocycles can be lost
during sample washing. On the other hand, the 'H NMR
approach leads to a deviation of nominal expected composition
in samples containing higher amounts of @-CD. This can be
related to its inefficient washing as medium viscosity increases
(gel phases), as previously discussed in the literature.**"
Furthermore, at these compositions, larger experimental errors
are related to the decrease of signal/noise ratio in longer ICs
(related to the low intensity OEGMA peak), which can vary up
to 25%. Figure 2 exhibits the relationship between the expected
(nominal) and experimental composition of the complexes
estimated from both techniques.

As can be observed, experimental and nominal compositions
are similar at lower CD/OEGMA ratios (i.e., until 5:1 values),
independent of the oligomer size, following the expected 2:1
(EQO/CD) ratio. At higher CD/OEGMA ratios, both
techniques present the expected deviations. This disagreement
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Figure 2. Relationship between nominal and experimental values of
the CD/OEGMA ratio (line is added to aid visualization). Open
symbols are estimated from 'H NMR data, and closed ones are
obtained from gravimetric experiments, Error bars are related to the
signal /noise ratio of "H NMR analysis. The inset represents free and
bonded oligomer moieties together with the possible “one-side”
complexation mechanism,

between nominal and real sample compositions was previously
observed and discussed in the literature for linear molecules.”
Furthermore, we use the relaxation of the oligomer in low-field
NMR to investigate this observation in the present system, as
discussed in the next section.

2.2.2. Low-Field NMR. Once threaded inside the macrocycle
cavity, oligomers present different molecular dynamics. Such a
property can be followed in order to obtain valuable
information about host—guest complexation. NMR is applied
to obtain the spin—spin relaxation time (also named transverse
relaxation) of protons present in the system ('"H-T,). Such
relaxation_times can be related to material mobility and
structure.”™””

The addition of @-CD units to an oligomer solution
restrains, at first, molecule diffusion because of steric
limitations arising in a crowded environment. With time and
advancement of oligomer inclusion, EO groups are stretched
and threated in a different chemical environment.”"”* These
new conditions lead protons present in OEGMA to exhibit
new spin—spin relaxation times (T,), which can be expressed
in terms of relaxation times of free (Ty) and bonded (T4)
protons, according to eq 1 and as illustrated in Figure 3.7

1 1 1
———(l—]+—
= P TP

L T (1)

where p is the probability to find a bonded molecule. This
equation suggests that two different contributions can be
observed in relaxation time spectra if the difference between
individual contributions of each term is large enough.

As observed in Figure 3a—c, the distributions of relaxation
times from a@-CD and oligomers are modified after inclusion,
eventually reaching intermediate values. This behavior can be
clearly observed for EO,-CD, samples (M, 300 g-mol™).
Because of its rigid structure, relaxation times of a-CD are
short, around 85 ms. For bulky oligomers, T, varies from 150
to 800 ms according to the sample molecular weight, as shown
in Figure 3d. Intermediary values found for different samples
(200—600 ms) are related to relaxation of @-CD after exclusion
of high-energy water molecules from its intemnal cavity. Such
an effect is combined with the reduction of oligomer mobility
after inclusion. These results show that inner cavity
interactions among the host and guest are not strictly rigid,

https/fdx.doi.org/10.1021/acsomega0c00741
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Figure 3. Relaxation time distribution (T,) for different inclusion complexes (a—c), OEGMA-T, at different molecular weights (d), and examples
of T,-decay for EQ,,-CD, and EQ4-CD, (e). Red lines in figures (d,e) are exponential fits. A complete list of relaxation times calculated in this

work can be found in the Supporting Information (Table S2).
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Figure 4. 2D-NOESY spectra of IC-A (a), OEGMA methacrylate peaks (b), and proposed position of the methacrylate group with respect to the
cyclodextrin ring (c). H' NMR spectra of the individual oligomer, @-CD, and IC can be found in Figure S2.

which fits the expectations of necklace formation (where a
certain level of flexibility is necessary). The decay in OEGMA-
T, is much smaller than the one previously reported in the
literature for EO groups trapped inside TiO; nanotubes, where
molecule relaxation decreases almost 40 times.*® Again, this
difference indicates some malleability of molecules in the ICs
investigated in the present work.

2.2.3. NOESY. During this study, we attempted to prepare
inclusion complexes between @-CD and similar methacrylic
acid but no change in appearance or turbidity was observed.
Furthermore, the position of OEGMA methacrylic groups was
analyzed by NMR techniques which did not reveal signs of
complexation. Figure 4 shows the NOESY—H' NMR spectrum
of a CD/OEGMA complex. The spectum shows some
interactions between OEGMA protons (eg, 4.25 ppm) with
internal protons of the macrocycle (around 3.8 ppm) but very
weakly with its external ones (eg, 5 ppm). It corroborates the
results presented by Takahashi et al'® In addition, spatial

9520

proximity between methacrylate protons (Figure 4b) and
internal hydroxyl groups of cyclodextrin (mostly between 3
and 4 ppm) is not observed, which indicates the absence of
interaction between these molecules. Overall, these results
suggest that methacrylate protons are spatially distant,
probably in the external part of the cavity, as illustrated in
Figure 4c. As a consequence, it seems that methaarylate groups
do not participate in IC, despite their influence on neighbor
protons, as shown in low-field NMR results discussed above.

2.3. ITC Experiments. Because many properties of the
complex are dependent on oligomer molecular weight,
inclusion kinetics and thermodynamics was studied as a
function of oligomer size. Isothermal titration calorimetry
(ITC) was used in order to measure the heat involved in the
addition of @-CD to an aqueous solution of OEGMA, which
could provide information about the kinetics and energetics of
this incorporation.””

https/fdx.doi.ong/10.1021/acsomega.0c00741
ACS Omega 2020, 5, 9517-0528



http://pubs.acs.org/journal/acsodf

113

ACS Omega
o 0.00/(P)
I|'||"'||||'-.
2 ‘ | -0.50
5 |I 5 10
E 5 E
= v
-1.50
8
10 2001,
0.75 150 225 0 1
Molar ratio

Mualar Ratie

0.0

054 g

Injeectant

""“:’C"..
EOCD,
E0,-CD,
EO,-CD_

AH (kJ.mol”

9 o o

05 10 15 20

Molar ratio

00
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Figure 6. ITC curves with longer injection times (a); closeup in the injection peaks for different oligomers (b).

ITC curves associated with the formation of these inclusion
complexes vary significantly with the molecular weight of the
OEGMA used. In general, the peaks associated with this
interaction (after discounting the heats of dilution of CD) are
all exothermic, indicating a favorable enthalpic interaction
involved in the inclusion of EO groups into the CD cavity. For
the measurements with small OEGMA (n = 2), the interaction
is fast, as confirmed by the quick retum to the baseline.
However, as the molecular weight of OEGMA increases (as
discussed below), the process becomes slower and intervals
between injections were increased from minutes to hours. This
finding agrees with the visual observation of time scales for the
appearance of precipitates resulting from IC discussed above. It
is noteworthy that more sensitive ITC is capable of monitoring
early processes involved in the incorporation of EO groups
into CD, while visual observation is less sensitive and detects
only macroscopic phase separation.

2.3.1. Fitting ITC Data for IC. The complexation of
OEGMA, ; and @-CD presents the simplest ITC data, as
shown in Figure 5a. Because the endothermic heat of dilution
of cyclodextrin in water was subtracted, the resulting negative
enthalpy values can be ascribed to be related to the formation
of the EQ,-CD, complex.

The observed decrease in heat exchanged as titration
advances is a consequence of the oligomer saturation, giving
rise to a sigmoidal curve, as shown in Figure Sb. Using
experimental heat of interaction (AH) and different binding
models, the fitting of such a curve allows the determination of

9521

parameters such as association constants (K), stoichiometry of
inclusion (N), entropy (AS), and Gibbs energy (AG) of EO,-
CD, formation. Equations 2—4 show these relations.

_ |a - CD-OEGMA]

[@ — CD]-[OEGMA] (2)
AG=RT InK (3)
AG = AH — TAS (4)

In the case of OEGMAg, it was possible to fit the
experimental ITC data using a model that assumes only one set
of binding sites (the CD cavity), as shown in Figure Sc,
producing a stoichiometry of CD/OEGMA for the complex
close to 1:1.

However, as shown in Figure 5S¢, the profile of interaction
enthalpy values as a function of CD/OEGMA mole ratio varies
with the oligomer molecular weight. Not only this but also the
shape of heat peaks becomes more complex with the increase
of oligomer size (as can be observed in Figures S3 and S$4).
Clearly, the simple model that accounted for the formation of
EQ,-CD, was not suitable to describe these more complex
interaction processes, especially for the earlier indications,
suggesting the absence of defined stoichiometry for this IC.
These inclusion processes were therefore re-investigated by
running ITC experiments with longer intervals between
injections to account for the slow incorporation kinetics.
Results for these experiments are shown in Figure 6a that

https:/fdx doi.org/1 0.1021/ac samega 000741
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contains different titration profiles according to the oligomer
nature.

In the case of EQ,-CD, and EQ-CD, systems, heat peaks
are narrow and no sign of secondary processes is observed.
However, curves associated to these two samples show strong
perturbations (abrupt changes in the baseline) around 10-20
h, which is probably related to the precipitation of solid
particles. Moreover, Figure 6b shows in detail the aspect of the
third injection peak (prior to any sign of precipitation) for
different oligomers. These peaks clearly show that for EOy; and
EQ,;, secondary events occur following the oligomer inclusion,
leading to broader peaks that are consistent with slow
processes. This confirms the observations obtained with
other techniques in the present study, suggesting a slow
incorporation of oligomers with longer EO chains.

2.4, Small-Angle X-ray Scattering. Selfassembly of
cyclodextrin complexes can lead to the formation of different
structures. Simpler organizations such as channel tube and
cage-like ones are well reported in the literature, but the
formation of complex morphologies at the mesoscopic scale
was recently described as a function of the different guest
molecule l'1e:u:lgr::n:q:|s.m Here, the study of the formed ICs by
small-angle X-ray scattering (SAXS) reveals some interesting
features of the obtained rod-like complex and its formation
mechanism.

2.4.1. IC Suspensions. Figure 7 shows the SAXS curves of
pristine @-CD and its complexes with oligomers of different

Jigya 370 ! EOyp0CDy
\_ EQ,CD,,

N ' EOD,CD
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\

() (au.)

q (nm™)

Figure 7. Scattering profiles of the obtained pseudo-rotaxanes in
different compositions with the correspondent power law exponents
for the low g-range.

molecular weights for EO-saturated compositions. These
samples were prepared after complex isolation, that is, after
drying and redispersion in water. Considering the a-CD
sample, it presents an uptum in the low-q region, which
suggests some level of aggregation.m All presented curves
could be fitted to a power law, I(q) « gq", behavior at low g
values, as represented in Figure 7, with n values that increase
from 2.02 for the pristine @-CD solution to 3.70 for the
EO4CDy sample. Assuming the formation of a fractal object,
such an increase in Porod exponents indicates the modification
of shape and size of the scattering objects. In fact, n increases
from pristine @-CD to EQ45-CD5p, which indicates that large
and loose aggregates are being formed, presenting low colloidal
stability and tendency toward phase separation. Because of the
size of these objects and the g range available during these
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experiments, further detailed information about such objects
could not be obtained.

2.4.2. In Situ Complexation. The progressive formation of
ICs and aggregates was followed for the longer complexes (ie.,
EOy-CD, and EQ,-CD,) through in situ SAXS measure-
ments. In this case, @-CD and OEGMA solutions were mixed
shortly before injection into the sample holder, and scattering
profiles were acquired during 1 h. As shown in Figure 8, the
SAXS curves show distinct profiles for the two oligomers
investigated and for the longest EO chain (EQ,;), features that
evalve during the acquisition time. For the IC of EQ,,, the
SAXS profiles remained, basically, unchanged during this
period of time, suggesting that complexation was accomplished
before the first minute after mixing (before data collection),
although intensity modification with time is observed. The
curves for IC with EO,s; however, display a broad peak
centered at 0.5 nm™', whose intensity increases with time,
along with the intensity of scattering at lower g values,
Scattering data obtained for EQy-CD; present a power law
behavior with an exponent of 3.6 that remains almost constant
with time, suggesting that the structure is already present in the
first measurement (after 1 min of sample preparation). On the
other hand, EQ4;-CD; samples initially display a power law
exponent of 2.2 (close to that present by pristine @-CD
samples, Figure §5), which progressively increases to a value of
3.4 after 60 min. The appearance of a second peak at higher g
values (around 3.5 nm™") is also observed in Figure 8c,d. This
peak is promptly observed in the EO»CD; sample, remaining
constant during the measurements, but it is barely observed
after 60 min in sample EQ;CD..

Based on the visualization of psendopolyrotaxanes structures
reported in the literature,™ we attempted to fit these SAXS
curves to a pearl-necklace model, producing the solid lines
represented along the scattering data in Figure 86, with good
agreement, as discussed in the next section. Concering a-CD
units present on PRs, the dimensions obtained by the fits are
similar to those found in pristine @-CD suspensions (ie, 0.8
nm), fitted using the cylinder model, which also agree with CD

dimensions.

3. DISCUSSION

Based on the obtained results, we propose that OEGMA
complexation by a-CD follows the same general mechanism
demonstrated for PEG molecules. Tt means that PR formation
should takes place by the accommodation of stretched EO
units into the macrocycle cavity. However, several partic-
ularities arise for OEGMA monomers, mostly because of the
rale of the methacrylate group as a stopper at one end of the
oligomer chain. Further details on IC derived from the current
experimental data are discussed below.

3.1. Mechanism of Inclusion Complex Formation. As
illustrated in Figure 9a, the @-CD structure possesses an
internal cavity that can be filled with different molecules. In
aqueous solutions, simulations indicates that pristine a-CD
units can include around 2—4 water molecules in their inner
cavity.“ The hydrogen bonds created between the a-CD
structure and trapped water creates an environment where
these molecules are kept in highly restricted orientations.
Because of this confinement effect, such molecules present
high energy and their release determines a final entropic gain,
similar to that associated with the hydrophobic effect. It is
proposed that this provides an initial complexation driving

force for these systems.‘”“'3

https:/fdx doi.org/1 01021/ acsomega 000741
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Figure 9. Structure of the a-CD monomer and molecular dimensions (a), structure of the OEGMA monomer (b), and inclusion complex

representation of the OEGMA cligomer inside the a-CD cavity (c).

EO moieties that are present in OEGMA molecules (Figure
9b) possess an adequate size to be included into the a-CD
cavity. Along with the formation of inclusion complexes
(Figure 9c), the solution becomes turbid and complexes tend
to precipitate as a crystalline white solid in the case of short
oligomers. By modifying oligomer size, their ability to form
solid precipitates, complexation yield, and initial clouding
times are modified.

The ability of longer oligomers to form gels fits well with the
description of Sabadini et al*® about partially threaded PEG
chains, which are able to form a supramolecular gel through
the interaction of complex @-CDs. The presence of soluble
structures consistent with pseudopolyrotaxanes and necklace
structure formation is also suggested by these authors,

An important difference in the present study is the influence
of the methacrylate end group over the incorporation into a-
CD and the complexation mechanism. Most of the inclusion
complexes are based on PEG-OH, which can be included via
both edges of the polymeric chain. In addition, there are no
rigid groups in the PEG structure in temperatures above 280 K,
providing enough chain mobility to adopt different con-
formations during inclusion.”** This seems fundamental
during @-CD complexation, where PEG chains possess two
times the length of relaxed ones because of the stretching effect
imposed by cavity restrictions. Such flexibility seems unlikely
to be found in methacrylate groups because of their sp® bonds.
Furthermore, the methacrylate group is also larger than the EO
groups and may act as a stopper in one of the extremities of the
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oligomer chain. We found no evidence to suggest that these
bulkier end groups enter the a-CD cavity. In this case, IC
should be formed by on-side inclusion into a-CD, as illustrated
in Figure 2. Together with oligomer size, this behavior can
alter the oligomer chain dynamics and influence inclusion
efficiency. Some calculations reported by Serres-Gomes ef al®
suggest that one-side complexes can be even more
thermodynamically favorable.

The role played by small nonlabile sp* molecules as stoppers
for @-CD polyrotaxanes has not been reported in the literature,
to the best of our knowledge. However, there are reports
suggesting that methacrylate makes the threading of a PEG-b-
PDMAEMA block copolymer into @-CD difficult.” In early
2000s, a series of papers described the synthesis of
methacrylate-based polymers prepared through an IC method-
Dlog}f.‘m-‘m As a general rule, these publications are based on
the preparation of IC between §-CD and methyl methacrylate
monomers (usually resulting in a yellow solution®”) which are
polymerized by ATRP. Some of these studies suggest that
methacrylate groups are included in the -CD cavity and show
the interactions between internal #-CD protons and =CH,
from methacrylate through 2D-NMR (NOESY) measure-
ments.** Such an interaction is not observed here because
methacrylate groups are too rigid and bulky to fit inside the
smaller a-CD cavity.

3.2, Complex Stoichiometry. As exhibited in Figure 3,
complexes based on longer oligomers, where sequential
inclusion of @-CD is allowed, present bimodal distribution of

https://dx.doi.org/10.1021/acsomega.0c00741
ACS Omega 2020, 5, 9517-9528
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T, values at average CD/OEGMA ratios. In these samples,
both free and bonded species coexist and are associated with
two values of T,. At higher CD/OEGMA ratios, most of the
EO groups are inside (or near to) the @-CD cavity and only IC
T, is observed. Figure 3e also shows that long oligomers (M, >
300 gomol™") display T, values reaching a plateau after the
inclusion of a certain number of a-CDs. This behavior
indicates the saturation of the oligomer chains or, at least, that
a@-CD units are equally distributed along the OEGMA chain,
restricting its relaxation. These saturation values are similar to
those shown in Figures 1c and 2 for higher amounts of a-CD
as determined by gravimetry, corroborating that saturation of
oligomer chains occurs with a smaller number of @-CD units
than expected (or that would be physically achievable). Similar
observation was previously discussed by Joseph et al’' for PEO
grafted onto polystyrene particles, where only one extremity of
the EO chains is free in solution and, hence, available for
interaction. Altogether, these results corroborate the proposed
role of the methacrylate group as a stopper, when present at
one extremity of the oligomer chain.

During the present experiments, varied T, values were
observed for oligomers with different molecular weights. An
exponential growth (Figure 3d) of relaxation times with an
increase in molecular weight suggests that the methacrylate
group affects mostly closer EO units, causing short oligomers
to present smaller T, values. With the increase of molecular
weight, longer oligomers escape from this influence for being
further apart. As a consequence, the methacrylate group
becomes isolated at one chain extremity and cannot affect the
majority of EO groups, as illustrated in Figure 2.

3.3. Inclusion Thermodynamics. Calorimetric measure-
ments were performed in order to assess this inclusion
thermodynamics. Results shown in Figure 5a,b reveal that data
for the formation of the EQ,CD1 inclusion compound could
be fitted using a simple binding model that assumes one type
of sites, The obtained value of N (0.81) is similar to the one
found by H'-NMR (around 0.7), suggesting that such a model
successfully describes the 1:1 (CD/OEGMA) IC ratio between
the macrocycle and the simplest oligomer. Model data also
reveal that IC is a spontaneous (AG < 0) and entropically
driven process, associated with displacement of water solvation
models from the CD cavity (IAHI < TIASI).>

Data presented in Figure Sc show the modification of the
measured heat profile according to oligomer molecular weight
upon @-CD addition. Assuming full complexation for the first
a-CD injections (first points in Figure Sc), average AH values
for inclusion vary from —1.9 to —0.3 kJ-mol™" as EQO molecular
weight increases from 188 to 2050 g-mol . Such values are in
the same range of values reported for other inclusion
complexes described in the literature for similar molecules, as
some alcohols, determined by calorimetric methods.” The
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observed enthalpy dependency on oligomer size can be a result
of incomplete binding for longer EO chains,

The coexistence of different calorimetric events along the
observed process can be associated with the changes observed
in the shape of the peaks.” Here, along with a decrease in peak
intensity, secondary events are observable (red arrows) for
longer OEGMA chains (EQ4-CD,, and EO,;-CD,, Figure 6b)
after @-CD injection. These secondary peaks (indicated in
Figure 6b) are broader than the main ones and appear in
earlier injections for EO,-CD,, in comparison to EQ,-CD,
samples. For shorter oligomers (EO,-CD, and EO,CD,),
complete inclusion occurs in the first minutes after each
injection. On the other hand, longer EO chains display longer
inclusion times, sometimes over 1 h. The formation of new
complexes per time is reduced for these longer samples, and no
complete inclusion (consumption of all species to form PRs) is
observed. This occurs because the threading of new a-CDs
units depends on the sliding of previously threated ones along
the molecular chain. A proposed mechanism is illustrated in
Figure 10, agreeing with the previous description of the
threading process put forward by Lo Nostro ef al’” and
reinforcing the effect of oligomer molecular weight on the
inclusion process.

In the described scenario, random coil conformations
(typical of long segments in solution) make complexation
difficult, decreasing the resulting exchanged heat at short
periods. Further studies should be performed in order to
corroborate or refuse such an effect.

3.4. Pearl-Necklace Structure. The structure of the
obtained ICs was investigated by SAXS in order to understand
the influence of oligomer size and number of CD units
available to complex during complexation and on the final
structure of the obtained complex. As observed in Figure 7,
scattering profiles change progressively as a function of sample
composition. Data analyses reveal a power law behavior
associated with the formation of large structures. Samples’ n
index (I(q) vs q") increases from pristine a-CD to EOQ,-CD,,,
which could indicate that these particles are progressively
becoming more anisotropic. This explanation agrees with the
model of longer PRs being formed as a function of OEGMA
size at a time scale which possibly could not be determined
because of the experimental conditions.

A pearl-necklace model was used to estimate the number of
pearls per chain for both complexes after 60 min (Figure S6).
According to this model, we have found that not only pearl-to-
pearl distances are larger at EQ,5-CDjs (longer chain) but also
that EQy-CD; displays around 6 CD units per chain (at
complete complexation), while EQ,5-CD; contains only 3 CD
units per OEGMA chain.

These results suggest that PRs based on EOy, are able to
form, align, and self-assemble more rapidly than those based
on the longer oligomer, corroborating the rapid aggregation

httpsy//dx.doi.org/10.1021/acsomega.0c00741
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and precipitation mechanisms revealed by ITC experiments
and the slower kinetics of complexation of the longer oligomer.
Moreover, the formation of larger structures (lower g values,
around 0.5 nm™') is observed in the EO,-CD, complex
(Figure 8b). Such an observation is probably related to the
rapid formation of @-CD self-assembled structure, which
potentially follows a cage-like to tubular structure described
in carlier studies.”®**>* SAXS time evolution shown in Figure
8b also reveals that the 0.5 nm™" peak reaches a maximum in
intensity before decreasing, It suggests that equilibration of the
samples can lead to scattering patterns similar to those
observed in Figure 7 for all samples, after the appropriate time.
It is also possible to observe that the time scale where this
maximum is reached depends on the concentration of a-CD
present in the suspension, as observed in Figure S7. As
expected, the process is faster in samples containing higher
CD/OEGMA ratios. The same behavior was reported by
Serres-Gomez et al.*”

Finally, the peak observed at higher g values (around 3.5
nm ') should be related to the oligomer threading (as
suggested by XRD results, Figure 1b). Notably, it appears
earlier and displays better definition for shorter oligomers than
for longer ones (arrows in Figure 8c,d, respectively). As EOqy-
CD; complexes show a well-defined peak in the first
measurement (less than 1 min after sample preparation), the
EQ,;-CDj; system only exhibits the same peak position 30 min
after OEGMA-CD mixing, Such a difference in complexation
times corroborates kinetic observation based on ITC results,
where longer inclusion times are clearly observed for larger
oligomers. This seems to be a consequence of the random coil
formation of longer chains in solution, which hinders the
prompt sequential inclusion of different @-CDs in the same
oligomer chain.

4. CONCLUSIONS

Besides the large amount of data available about PEG/CDs
inclusion complexes, this is the first study which investigates
the complexation mechanisms between OEGMA chains and
this macrocycle. Here, we demonstrate that IC formation and
characteristics are highly dependent on the EO oligomer
molecular weight and @-CD concentration. These parameters
strongly influence complex appearance and formation kinetics,
leading to solids or gel-like materials according to sample
composition.

Larger amounts of @-CD accelerate complex formation and
aggregation. Calorimetric experiments (ITC) corroborate the
visual observations which suggest that longer complexation
times are required for inclusion of high My, oligomers and also
reveal that complexation close to 1:1 (EQ/CD) is attained
only for the shortest EO chain. Structural analyses suggest that
threading proceeds to the formation of pearl-necklace
structures which vary with the oligomer EO chain, confirming
their close relationship to PEG pseudopolyrotaxanes.

SAXS experiments indicate a modification in ordered a-CD
structures, already present prior to oligomer inclusion, in the
presence of longer guest molecules. This is probably related to
the progressive accommodation of new @-CD units at long
oligomer chains, taking place after certain time intervals,

Although these complexes present several similarities with
traditional PEG-based structures, mostly because of EO
characteristics, the influence of methacrylate groups leads to
certain particularities. The obtained results suggest that the
methacrylate group lies outside the a-CD cavity after
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complexation, acting as a stopper and favoring a one-side
complexation mechanism. The availability of such a functional
group can be interesting for some applications because it can
be used to tune oligomer polymerization in the presence of
inclusion complexes, allowing for LCST control and the
creation of potentially thermoresponsive molecular machines.

5. MATERIALS AND METHODS

5.1. Materials. OEGMA (with nominal molecular weights
of 188, 300, 950, and 2050 g-mol™") and a-CD were purchased
from Sigma-Aldrich. In this work, OEGMA oligomers were
purified by passing them through a basic alumina oxide column
to remove inhibitors and @-CD was used as received. All
solutions were prepared with Milli-Q grade water (18.2 MQ
cm).

5.1.1. Inclusion Complex Preparation. In a typical
procedure, two equal parts of aqueous solutions containing
@-CD (50 + 5 mg:mL™") and the desired oligomer (variable
concentration) are mixed together at ambient conditions
(around 25 °C). After system stabilization, the precipitate was
thoroughly washed with water in order to remove non-
complexed molecules. Typical equilibration times for these
samples depend on oligomer molecular weight. Short ones lead
to complete solid precipitation in some minutes, while longer
ones lead to the formation of a white suspension stable for
several days. At least 24 h after washing, the supernatant is
removed and the system is dried in an oven at 60 °C. Samples
are weighted and kept in a desiccator. Finally, the dry mass of
precipitates was used to determine gravimetric yield. Complex
stoichiometry was estimated by assuming that only @-CD is
lost during sample washing, resulting in a sample composed of
the initial amount of oligomers and a measurable mass of CD.

Herein, the samples used are represented by the following
nomenclature: EO,-CD,, where x represents the average
number of BO units in the oligomer side chain and n
represents the mole ratio of @-CD to OEGMA chain used for
sample preparation. For example, sample EQ,;-CD, contains 1
mol of @-CD to 1 mol of the OEGMA oligomer with an M,, of
2050 g mol ™", All samples are listed in Table 1.

5.1.2. Optical Microscopy. The observation of solid
particles was performed in a NIKON HS550S microscope
under environmental conditions. The particles were simply
collected over a glass plate and directly observed.

5.1.3. X-ray Diffraction. The XRD pattems were recorded
on a Shimadzu XRD 7000 X-ray diffractometer at 40 kV and
30 mA with Cu Ka radiation (4 = 0.154 nm) in the range of 20
= 5—235" for samples using a fixed time mode at a scan speed of
2°min~" in steps of 0.02°,

5.1.4. Isothermal Titration Calorimetry. Experiments were
conducted in a MicroCal VP-ITC (Northampton, MA, USA)
at 25 °C. Aliquots ranging from 10 to 40 uL (typically for short
and long experiments, respectively) were added stepwise by an
automatic injection syringe containing 270 uL of a
concentrated @-CD (50 mmol-L™") solution into the reaction
cell of 1.43 mL, containing either water or OEGMA solutions
(25 mmol-L™"). Injections were performed with intervals
varying from § to 270 min, which were previously checked to
ensure appropriate baselines. ITC data were treated with the
associated Origin 7.0 software.

5.1.5. High-Field NMR. 'H-NMR measurements were
performed at 40 °C on a Bruker ADVANCE 500 spectrometer
with a proton frequency of 499.87 MHz. Accumulations of 16
spectra were used with D,0 as the solvent. 2D NOESY

httpsy/fdx.doi.org/10.1021/acsomega.0c00 741
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measurements were performed at 40 °C on a Bruker
ADVANCE 400 spectrometer with a proton frequency of
400.18 MHz, using the standard three-pulse sequence.” For all
the samples, mixing times (T},) of 200 ms and 1 s were used
with 16 accumulations in order to allow better discrimination
between intra- and intermolecular interactions.

5.1.6. Relaxation NMR (TD-NMR). Water holding was
performed on a Bruker Minispec mq20 NMR analyzer (Bruker
Company, USA) with a proton resonance frequency of 20
MHz. The samples prepared with D,0 (20 mg/mL) were
placed in an 8 mm-diameter glass tube and inserted into the
NMR probe, and a temperature of 39.8 4 0.2 °C was stabilized
for 15 min. The spin—spin relaxation time, T, was measured
using the Carr—Purcell-Meiboom~—Gill sequence, with 90 and
180 proton pulses of 8.4 and 16.7 ys, respectively, and an echo
time of 160 us. The data were recorded in triplicate, in which
30,000 echoes were acquired with 32 scan repetitions with
intervals between subsequent scans. The fitting of the CPMG
decay curves was performed using multi-axponantia]s.ﬂ"'é""'

5.1.7. Small-Angle X-ray Scattering. SAXS measurements
were taken at the SAXS1 beamline of the Brazilian
Synchrotron Light Laboratory, LNLS, in Campinas, Brazil.
The samples were positioned in a cell with two flat mica
windows, and a thermal bath connected to the sample holder
was used for temperature control (at 25.0 + 0.5 °C). The X-
ray wavelength was 1.608 A, and the sample-to-detector
distance was around 0.6 m, calibrated using silver behenate
diffraction. The obtained charge-coupled device images were
integrated and treated with Fit2D software’ to obtain the
scattering function I(q), where q = (4x/4) sin(#/2), with A
being the wavelength and @ being the scattering angle. In
typical kinetic experiments, scattering profiles were obtained
along 60 min. However, because of apparatus limitation, the
first measurement (zero point) was obtained around 1 min
after solution preparation and injection into the equipment.
SASView software was used to fit experimental data to the
“pearl-necklace model” for samples named EQO,,-CD; and
EQ,;-CD; and the “cylinder model” for the sample named CD,
which are described in detail in refs 59—63, respectively.
Additionally, a power law model was used to fit the
experimental data of sample EQ,-CD; at ¢ > 2 nm ™", To fit
these curves, the scattering length density values were set to
9.4 x 107% A™? for water, 0.135 X 107" A~ for the pearls
(cyclodextrin), and 7.8 X 107 A2 for the strings (OEGMA
oligomers), calculated using SASView software. Extra in-
formation can be found in the SAXS section of the Supporting
Information.
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