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Abstract

Photostable 1-hydroxyanthraquinone-tagged poly(dimethyl siloxane) (HQ-PDMS) were
synthesized by reacting 2-allyloxy-1-hydroxyanthraquinone (Al-HQ) and octadecene
with  poly(dimethyl)-co-(methylhydrogen) siloxane (DMMH-co) in the presence of
platinum catalyst. 2-allyloxy-1-hydroxyanthraquinone (AI-HQ) was synthesized by
reacting 1,2 dihydroxyanthraquinone with allyl bromide in the presence of dry
acetone/K,COs3. AI-HQ and HQ-PDMS showed absorption maxima (Amax) at 420 nm.
The extent of UV—Visible efficacy of HQ-PDMS was varied by changing the amount of
HQ chromophore present on the polymer backbone.

The photoprotection efficacy of HQ-PDMS was found to be superior over free Al-
HQ and 1,2-HQ chromophores. This was presumably to be due to effective molecular
solubilization followed by uniform distribution of HQ chromophores on the substrate
surface. HQ-PDMS also showed > 95% photostability when exposed to 3 hours of
solar simulated sun exposure. Fluorescence measurements of HQ-PDMS and free Al-
HQ were carried out using excitation wavelength of ExAmax 420 nm. We observed
enhanced fluorescence quenching between the HQ chromophores, only when tagged
on the HQ-PDMS v/s free Al-HQ. Our study revealed potential use of chromophores-
tagged polymers in enhanced fluorescence quenching, which demands effective
intermolecular interactions between two chromophores. These enhanced intermolecular
interactions between photo-excited donor and acceptor on the polymer backbone could
play key role in the photo-stabilization.

4' Intermolecular Fluorescence Quenching li

Polymer enhanced
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1. Introduction

Personal Care (PC) products thrive upon superior sensory and functional performance
along with enhanced safety and minimum eco-toxicity. This functional performance is
driven by superior deposition and distribution of organic actives, namely, sunscreens,
dyes, antibacterial agents etc on the substrate surface. In addition various other organic
actives such as pesticides, photo-harvesting, light emitting molecules also demand

similar performance in agriculture, optical and solar applications.

UV Filter / Antibacterial agents / Dyes / Pesticides / Photoactive

O OH (0]
@i OH HN//<
SOS M-
O O A(\/\ Me
Avobenzone 2-ethylhexyl-4-methoxycinnamate 1,2- dlhydroxyanthraqumone N-halamine
C18H37 N, Q
CH_ S O N
W o) S%HC_ . v
N-cH,cooH CH,
2-((2)-5-((2)-2- (3- Methvi red d
Permethrin octadecylbenzo[d]thiazol-2(3H)- ethylred dye

ylidene)ethylidene)-4-oxo-2-
thioxothiazolidin-3-yl)acetic acid

HO
0 N. N Br
it . e
OH

2-(4-Methoxy-phenylazo)-1, 3- 2,7-dibromo-9H-fluorene

dimethyl- 3-imidazol-1-ium anthracen-S-yimethanol

quinolin-8-ol

After all these organic actives could pose complex safety issues when they come in
contact with skin / hair or ecotoxicity issues when they release into the environment.
Ideally sunscreen molecules are expected to remain on the skin surface as a protective
layer against sun radiation and not to penetrate into the underlying viable tissue.
Similarly, dye molecules should effectively deposit and distribute evenly on the hair
surface. However, substantial amount of applied sunscreens [1,2,3,4,5] are absorbed

through skin [6] and also detected in human urine [7,8,9], gastro intestinal tract [10] and
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human milk [11]. A significant number of publications have reported case studies
showing skin allergy due to commonly used sunscreens [12,13,14,15]. Hair dyes also
showed significant toxicity [16,17,18] due to penetration through skin [19,20]. Recent
studies revealed that parabens [21,22,23] showed toxicity due to permeation through
skin. Studies also show that parabens are retained in the epidermis and dermis
[24,25,29]. It has been indicated that risk due to such issues could be minimized if these
molecules possess molecular weight (M. Wt) above 500 Dalton [26]. Superior
deposition and distribution of above indicated organic actives can also be achieved
when they are covalently anchored to the select polymers having low surface tension,
for example polysiloxanes. Hence these molecules could perform at minimum required
levels by reducing the toxicity and environmental impact. Organomodified polymers
(OMPs) showing UV absorbing [27] and colorant [28,29,30,31] properties were
developed for superior deposition and distribution of skin and hair surface. UV
absorbing elastomer was synthesized using sunscreen molecules like 1-(4-(tert-
butyl)phenyl)-3-(4-methoxyphenyl)propane-1,3-dione also known as avobenzone and 2-
ethylhexyl-4-methoxycinnamate also known as MCX. Vinyl terminated polysiloxane was
used as the cross-linker. The elastomer obtained was photostable and can be used as

sunscreen actives.

Hydrocarbon chain

Photoacti
olecule
Polysiloxane backbone

Crosslinker

Cl lﬁ
S
{ OH
(in case of elastomerl) O

\ Swelling Agent Avobenzone

Benzylidene malonate

Poly(ethylene glycol)

Curcumin
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[32] Polysiloxane based 2-(4-Methoxy-phenylazo)-1, 3-dimethyl- 3-imidazol-1-ium dye
was synthesized via platinum catalyzed reaction in toluene. The polymeric dye obtained

showed long lasting properties on hairs.

°4®7N\\N_<§:] + WNHZ - . 4\/HN4©* \

N\\N*«: j

Allyl amine /

Me Me Me Me
‘ | ‘ ‘ Toluene
MeffifO%TiioHS‘i O+Si7 Platinum Catalyst
X y
Me H Me l\‘/le

Poly(methylhydrogen) siloxane
Me I\‘/Ie I\’/Ie Me\
|
Me—SifO+Si OHSiiO%‘Si*
| x| v
Me Me \ Me
N—<\N]

2-(4-Methoxy-phenylazo)-1, 3-dimethyl- 3-imidazol-1-ium tagged Polysiloxane /

We recently [33,34] synthesized photo-stable broad spectrum UV absorbing OMPs by
reacting 4-t-butyl, 4’-allyloxydibenzoylmethane (UVA chromophore), 4-allyloxy malonate
class (UVB chromophore); with poly(methylhydrogen)-co-(dimethyl)siloxane copolymer
in the presence of platinum catalyst. These polymers showed effective deposition on the
skin and hair. Superior spreadable polymeric antimicrobials [35,36] have been designed

to be effective against microorganisms.

Recently, broad-spectrum antibacterials. Poly-(hexamethylen-guanidinium-chloride),
poly-[2-(2-ethoxy)-ethoxyethyl)-guanidinium- chloride] [37,38,39,40], 3-
trimethylammonium-2-hydroxypropyl-N-chitosan [41,42] have been developed as
polymeric antimicrobials or antifungal agents. [43] Liang et al reported the synthesis of
antimicrobial polymer by attaching 5,5-dimethylhydantoin and dimethyldodecylamine
onto the poly(3-chloropropylsiloxane) backbone in DMF. The resulting polymer showed

superior antimicrobial activity as compared to the monomer.
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H3;C
?H
~[—Ti o~]—x +  n HN
(CH2)3
Cl/ o)
- KCl1

DMF, 100 C, 12 h

N K+ T

CHj

m IIIH—C12H25
CHj3

X=n-+m

H

Cl)H
O‘)-PSiH—O*]f -+
n | X

(CH>)s

(o]

|
1=
(CH2)3

T

C12H25

PHQS

The blue light-emitting polyfluorenes [44] containing siloxane were synthesized by first
alkylating 2,7-dibromo-9,9’-dihexylfluorene in series of reactions by using allyl bromide.
The alkylation was then followed by Ni-mediated copolymerization of flourene molecule
with hydride-terminated polysiloxane. The resulting polymer exhibited almost pure blue

photoluminiscent emission and hence used for light emitting diodes.

0,

2,7-dibromo-9,9'-dihexylfluorene

OTHP OH

920l o0 e

M '\|/Ie Me_H M
— . S Me e
Sinalsi | S | | Me
N N N R
Me e 6 S T ey
e
> Me Me 6
Platinum

. Br 2,7-dibromo-9,9'-dihexylfluorene modified Polysiloxane
O O B

Allyl bromide
—_—
Br

Br
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Nematic liquid single crystal elastomers (LSCES) [45] were synthesized by reacting 4,4’-

diallyloxyazobenzene with Poly(methylhydrogen)polysiloxane in the presence of cross-

linker.

N en
(=
~ A+

M

Lle}

Me Me

| | |
Me—?ir—o+sli—o]-‘sli—l\4e
Me H 105Me

>
>

/O/“M:\
\,P"}\ O/ N E—

Toluene
70 C, 2 h, 5000 rpm

Photo-active LSCE

EAZO}
EAZO4
EAZOS
EAZOS
EAZOINI

Zhao et al [46] has developed a photoactive elastomer which is used for holographic

recordings. This elastomer is a liquid crystalline azobenzene polymer grafted onto a

styrene-butadiene-styrene (SBS) triblock copolymer. All these polymers find useful in

the optical and solar applications.

H Hy Hp Hy Ha, B Hy Hy Hpy /H,
CH,—C cC —C —C —C c—C —C -C - Cc —C
m
m

H H

C—C -

z

z

OCH3

Most of the photostable molecules e.g. 1,2 hydroxyanthraquinones are difficult to

solubilize, which results into poor photoprotective performance. This performance can
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be enhanced when they are liquid in nature or when they are molecularly solubilized in

the polymers, having low glass transition temperature, for example polysiloxanes.

In this thesis, we report synthesis, characterization and properties of
photo-stable UV absorbing 1-hydroxyanthraquinone-tagged poly(dimethylsiloxane) (HQ-
PDMS) polymers and cross-polymeric elastomers.

o g o R gy o g o
_Si Si— — — / _Si SI\ Si—_ s.\
oot o bttt S —odrd—on, oMot T ot t OHC o%«s'\cm
CH3 CH3 HQ CH3 CH3 CH3 Hs
HQ-PDMS
“"OH
O ~_.- 22
= CHy o O
O‘O “N(CHy)1s CHs CH
CH, CHB:/SI\O/{/iIH\OHSI\OHSI\O‘}’S'\CH3
3
i
Q - —otioh
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2. Experimental Section

2.1. Materials

Poly(methylhydrosiloxane) [i.e. MHPS, molecular formula, (CHsz)3SiO-[(CHs) HSIO],-
Si(CH3); where n = 35; and average M Wt. = 1700 - 3200, 15-40cSt at 25 °C];
Octamethylcyclotetrasiloxane (D4, 98%); 1,3-Divinyltetramethyldisiloxane (DVDS, 97%);
2,4,6,8—tetramethylcyclotetrasiloxane (TMCTS, 95%); Platinum(0)-1,3-divinyl-1,1,3,3-
tetramethyldisiloxane complex solution [(O[Si(CH3),CH=CH,],Pt) 0.1 M solution in
poly(dimethylsiloxane) vinyl terminated]; Octadecene ( 95 %); Allyl bromide (97%) ; 1,2-
dihydroxyanthraquinone (1,2-HQ, 97%); and CDClI3; (100%) were purchased from Sigma
Aldrich. Decamethylcyclotetrasiloxane (Ds) [DC245, 95%] were kindly supplied by DOW
Corning. Tulsion acid catalyst chemically known as sulfonic acid polystyrene resin was
kindly supplied by Thermax India, T63MP. Polyalkylene glycol monoallyl ethers grades
namely Polyglykol A 20 — 10, M Wt. 1500; Polyglykol A 20 — 20, M Wt. 2100 ; Polyglykol
A 1100, M Wt. 1100; Polyglykol A 500, M Wt. 500; Polyglykol A 350, M Wt. 350;
Polyglykol A 11 — 14, M Wt. 750, were procured from Clariant.

2.2. Instrumentation

FTIR spectra were recorded on a Perkin EImer FTIR/NIR spectrophotometer using
carbon tetrachloride in the infrared region of 400-4000 cm™. Bruker NMR spectra were
recorded on (200 MHz) spectrometer using CDCI3 as a solvent. Fluorescence spectra
were recorded on the Horiba Flouromax - 4 spectrophotometer using the slit width of 5.
The excitation wavelength of ExAmax 420 nm was used. UV-Visible absorption spectra
were recorded on the Perkin Elmer Lambda 900 UV/Vis/NIR spectrophotometer.
Viscosity of the polymers and gel were recorded using Rheometer AR 1000. Bruker
Amazon SL mass spectrophotometer was used for the mass analysis. Analysis was
carried out in both negative and positive mode with scan rage of 70 to 1500 m/z.
Chemical shifts of various peaks in the spectra were reference with respect to CDCl;

peak appearing at 6 7.26 in CDCls.
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2.3. Synthesis of Monomers and Polymers

“Synthetic schemes”

Me Me CH3 CH3 CH3

/Sl\o
0 Me s Sl
Me| Sl\ + CH§1 /P 1\0* \CH3

/
Me\ _0 Me CH3
Me Polyhydrogenmethylsiloxane (PHMS)

CH,

sie ;
cHgi~OH \ CH;

. CH,

CH3 CH CH CH3

CHy™ Sl\o/{/ SCIH\O‘I/K/ SI\O’FSIQCH
3

DMMH-Co Reactive Pre-polymer %Si-H = 1 - 12

Figure 1: Synthesis Poly(dimethyl)-co-(methylhydrogen) siloxane (DMMH-co) [%Si-H = 1 to 12]
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Me/Me e)
O/SI\O\ /Me CH3 CH3 CI—I3 ?/SI\O\ /Me
Mel| Si st H Si
Si / \Me + CH3S] /@ Sl\oﬁ/ \CH3 \Sl / \H
Me\. _O 35 CH MeN, O
O—Si_ CH3 O0—Si_
I "Me . I "Me
Me Polyhydrogenmethylsiloxane (PHMS) H
Octamethylcyclotetrasiloxane l Tetramethylcyclotetrasiloxane
’ Me/Me CH
o-si—o. M& po_ S
Me_g; Si-Me 7‘\OH
Meo_ . OH H
h M //Sl\ \‘
! Ve OH
; C§3 HO s ;
v cnsiOn \CH;
/ CH;,
. CH, .
A Intermediate molecules .
o
: : Sl Sl\
H, CH,4 H CH
DMMH-Co Reactive Pre-polymer % SiH = 18-36
Figure 2: Synthesis Poly(dimethyl)-co-(methylhydrogen) siloxane (DMMH-co) [%Si-H = 18 — 36]
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0"~ OH 0+ OH

on KeCOs _/Allyl Bromide o
‘O ‘O o
Reflux /20 h

1.2 d|-hydroxy anthraquinone 2-allyloxy 1-hydroxy anthraquinone
(1,2HQ) (Al-HQ)

CH CH3 CH,

CH3/S|\O /{/3'\0 HSI\O/]/S';CH CHy T
3

(CH2)14

Octadecene
DMMH-Co Reactive Pre-polymer % SiH = 1 - 36

Platinum catalyst / Toluene / 110 deg C

CH CH3 H C C

o doH ot o Aok i ot Son

HQ-PDMS
O~"""OH

O\/‘\ g
(0 N
H, R= CHy . O
(CHg)14

Figure 3: Synthesis of Hydroxyanthraquinone modified Polydimethylsiloxane polymer (HQ-PDMS)
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O™"""OH

O‘O AT PN A LI AU
_ S| SI\ P Sl\ Si/\
e S E L S ey
CHj
2-allyloxy 1-hydroxy anthraquinone DMMH-Co Reactive Pre-polymer % SiH = 1 - 36 Vinyl terminated Polydimethylsiloxane
(AI-HQ)
/
Platinum catalyst/ Toluene / 110 deg C CH3_
(CHa)14
Octadecene
c CH3 CH3 CH
CHy~ S'\o/l/s'\oﬁ/rs'\oH S'\o =1 S'\01/3'\(:H3
H H
. S|\O I\O/l/sl\o,l/sl H3
CH3
CHs R
— — S
CH; SI\O/{/SI OHSI\OHSI\OHS\IC: ,I/ '\CH3
3 3
O~"""OH
HQ-PDMS elastomer O—
o (11
R= CH3\ /\/
(CHa)1q 5

Figure 4: Synthesis of Hydroxyanthraquinone modified Polydimethylsiloxane silicone elastomer (HQ-
PDMS gel)
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(1) Synthesis of Poly(dimethy)-co-methylhydrogen) siloxane (DMMH-co) [%Si-H = 1-12]

D4 was mixed with MHPS in a 50 mL two necked round bottom flask fitted with a water
condenser. To this mixture 2% of tulsion catalyst was added. The reaction mixture was
stirred at 120 °C for 14 h. The viscous DMMH-co obtained was cooled down to 25 °C.
The copolymer was dissolved in hexane and the solution was filtered off to remove the
catalyst. The hexane was evaporated from the filtered solution at 40 °C under vacuum
(247 mm of Hg). The viscous copolymer was dried under vacuum for 4 h at 80 °C. The
colorless, viscous liquid was obtained. As seen in table 3 and table 4 %Si-H and
molecular weight of DMMH-co were tuned by varying amount of D, and MHPS.

Products Characteristics: FTIR peaks at 1040 cm™ (Si-O-Si); 1260 cm™ (broad
peak) (Si-Me); 2160 cm™ (Si-H). 'H-NMR (CDCls) peaks at & 0.09 (s, Si(CHa)), 0.17 (s,
Si(CHs)H), 4.6 (m, Si(CH3)H). 3C NMR (CDCls) peaks at & 1.02 (Si(CHa)s), & 1.21
(Si(CHs3)2) and 6 1.81 (Si(CHs)H and Refer figure 5, 6 and 7

(2) Synthesis of Poly(dimethyl-co-methylhydrogen) siloxane (DMMH-co) [%Si-H = 18 -
24]

MHPS was mixed with D4 in a 100 mL round bottom flask fitted with a water condenser.
To this mixture TMCTS was added followed by addition of 2 % of tulsion catalyst. The
reaction mixture was stirred for 12 h at 120 °C. The viscous oil was cooled down to
room temperature. The DMMH-co was dissolved in hexane and the solution was filtered
off to remove the catalyst. The hexane was evaporated from the filtered solution at 40
°C under vacuum (247 mm of Hg). The viscous copolymer was dried under vacuum (0.1
mm) for 4 h at 80 °C. The %Si-H and molecular weight were tuned by varying the
amount of D4, MHPS and TMCTS during the synthesis. Details are described in table 3
and table 4.

Products Characteristics: FTIR peaks at 1040 cm™ (broad peak, Si-O-Si); 1260
cm® (broad peak, Si-Me); 2160 cm™ (broad peak, Si-H). *H-NMR (CDCls) peaks at &
0.09 (s, Si(CHs)2), 0.17 (s, Si(CH3)H), 4.6 (m, Si(CHs)H). **C NMR (CDCls) peaks at
d 0- 86 0.7 (Si(CH3)s, Si(CH3)H and Si(CHs3)2). Refer to figure 5, 6 and 7.
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(3) Synthesis of 2-allyloxy-1-hydroxyanthraquinones

A 250 mL two necked flask was fitted with a reflux condenser. The flask was charged
with  potassium carbonate (2.8 g) and 200 mL dry acetone. 1,2-
dihydroxyanthraquinones i.e. alizarin (5 g, 0.0208 mol, M Wt. = 240) was added to
potassium carbonate-acetone dispersion. The reaction mixture was heated to 75-80 °C
for 2 h. Allyl bromide (6 mL, 0.0694 mol, M Wt. = 121) was added using syringe and the
heating was continued for 20 h. The reaction mixture was allowed to cool to the room
temperature. Acetone was removed from the reaction mixture using rotary evaporator to
obtain crude product under vacuum (417 mm of Hg) at 40 °C. 50 mL of water and 100
mg of K;COs; were added to the crude product containing 2-allyloxy,1-
hydroxyanthraquinone followed by addition of 25 mL of chloroform. The chloroform layer
was separated and washed with 50 mL of water (3 times). The chloroform was
evaporated using rotary evaporator at 40 °C at 355 mm Hg. Synthetic scheme is shown
in figure 3. A crude product was obtained as reddish yellow coloured solid. This product

was crystallized in hexane. The pure yellow crystals were dried under vacuum.

Products Characteristics: FTIR peaks at 1592 and 793 cm™ (aromatic region)
and 1365 cm™® (C-O-C); 1664 cm™ (C=0); 3089 cm™ (C=C); 3314 cm™ (broad peak,
OH. 'H-NMR (CDCls) peaks at 8 4.75 (m, 2H, CH=CH,-CH,-0O); & 5.32 & & 5.43 (d, 2H,
CH,=CH-CH»-0); 6 6.1 (m, 1H, CH,=CH-CH»-O-); § 7.25 — & 8.3 (s, 6H, aromatic
protons); & 13.1 (s, 1H, Ph-OH). Anal. Calcd for C17H1204: C, 72.85; H, 4.31; O, 22.83.
Found: C, 72.71; H, 4.3; O, 22.79. M/z 280.3 found M/z 280.8. Refer figure 8, 9, 10, 11
and 12.
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Figure 12: *C NMR of 2-allyloxy-1-hydroxyanthraquinone

(4) Synthesis of Hydroxyanthraquinone Modified Poly(dimethyl) siloxane (HQ-PDMS)

70 mL toluene was charged to a 3-necked flask fitted with a Dean and Stark set-up
under nitrogen atmosphere. Traces of water present in toluene were removed by
azeotropic distillation. 2-allyloxy-1-hydroxyanthraquinone and octadecene were added
subsequently to dry toluene followed by addition of 100 ppm of platinum(0)-1,3-divinyl-
1,1,3,3-tetramethyldisiloxane complex. The mixture was stirred at 25 °C for about 0.5 h.
The poly(dimethyl-co-methylhydrogen) siloxane (DMMH-co) was added to the
2-allyloxy-1-hydroxyanthraquinone-platinum-octadecene complex. The reaction mixture
was stirred at 110 °C for 2 h. The progress of the reaction was monitored using Thin
Layer Chromatography (TLC), FT-IR and NMR. Table 5 indicated various grades of HQ-

PDMS containing different % loading of hydroxyanthraquinone.

Product Characteristics: FTIR peak at 1186 cm™ (-Si-O-Si); 1260 cm™ (Si-CHa.
H-NMR (CDCls) peaks at 8 0.09 (s, SiCHs), 0.6 (t, -SiCH2-), 1.57 (M, -SiCH,CH,-), 4.9
(m, -SICH,CH,CH»0-Ar), 12.8 (s, 1H, Ph-OH). Refer to figure 13 and 14.
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(5)Synthesis of Divinylpolydimethylsiloxane (VTP)

D4 was mixed with DVDS in a 50 mL two necked round bottom flask fitted with a water

condenser. To this 0.2 g of tulsion catalyst was added and the reaction mixture was

stirred at 120 °C for 12 h. The polymer was dissolved in 15 mL of hexane and the

solution was filtered off to remove the catalyst. The hexane was evaporated from the

filtered solution at 40 °C under vacuum (247 mm of Hg). The viscous oil was dried

under vacuum for 4 h at 80 °C. As seen in Table 1 the molecular weights of VTP were

tuned by varying amount of D4. The product was obtained as colorless, viscous liquid.
Products Characteristics: *H-NMR (CDCl3) peaks at § 0.09 (s, Si(CHs)2), 6 5.5 - &
6.2(m, -CH,=CH-Si-, -CH,=CH-Si-). Refer to figure 15.

Table 1: Different Grades of VTP

5.89004

Expt. No. DVDS (g) D4 (g) M. Wt
AM -11 2 10 1116
AM - 14 1.6 8.5 1116
AM — 22 4 20 1116
AM - 83 15 40 5146
S a
Z oo fsi~
CHg CH:S CH3

-0.0836
0880
R

T
ppm]

Figure 15: "H-NMR of 2-allyloxy-1-hydroxyanthraquinone modified Polydimethylsiloxane (HQ-PDMS)
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(6) Synthesis of Hydroxyanthraquinone Modified Silicone Elastomer Gel (HQ gel)

100 mL toluene was charged to a three necked flask fitted with a Dean and Stark set-up
under nitrogen atmosphere. Traces of water present in toluene were removed by
azeotropic distillation. 2-allyloxy-1-hydroxyanthraquinone and octadecene were added
subsequently to dry toluene followed by addition of 100 ppm of platinum(0)-1,3-divinyl-
1,1,3,3-tetramethyldisiloxane complex. The mixture was stirred at 25 °C for 0.5 h. The
poly(dimethyl)-co-(methylhydrogen) siloxane (DMMH-co) was added to the 2-allyloxy,1-
hydroxyanthraquinones-platinum-octadecene complex. The reaction mixture was stirred
at about 110 °C for about 2 h. The progress of the reaction was monitored using Thin
Layer Chromatography (TLC) and FT-IR. The reaction was led to completion after 4 h at
110 °C by addition of divinyl terminated polysiloxane (VTP, molecular weight = 5000)
copolymer-platinum complex in 10 mL toluene. Completion of reaction was confirmed
by observing disappearance of FTIR peak due to Si-H at 2159 cm™ (as seen in figure
13). The product was obtained in a gel form. Toluene was evaporated from the gel
followed by subsequent washing with methanol to remove un-reacted 2-allyloxy-1-
hydroxyanthraquinone and platinum catalyst. It was further swollen in

decamethylcyclopentasiloxane (Ds). Synthetic scheme is shown in figure 4.

Product characteristics: FTIR peak at 1186 cm™ (-Si-O-Si); 1260 cm™ (Si-CHa),
H-NMR (CDCls) peaks at & 0.09 (s, SiCHs), 0.6 (t, -SiCH-), 1.57 (m, -SiCH.CH; -), 4.9
(m, -SiCH,CH,CH,0-Ar), 12.8 (s, 1H, Ph-OH ). HQ gel composition: Gel Solid Polymer

content = 24%; chromophore content = 12 %; crosslinking density = 40 %.

2.4. Methods

(1) Quantification of Si-H using FT-IR spectroscopy

The reactive silanic hydrogen (Si-H) groups present in poly(dimethyl)-(methylhydrogen)
siloxane copolymer (DMMH-co) were quantified using FT-IR. The stock solution (8000
ppm i.e. 200 mg in 25 mL) of MHPS was prepared in carbon tetrachloride. Test

solutions having concentrations from 1000 to 6000 ppm were prepared. FTIR spectra
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were recorded for the test solutions. The peak due to Si-H was identified at 2160 cm™
followed by the measurement of respective corrected areas and heights. Respective
corrected areas or heights were plotted against concentration of Si-H mg/mL. The

detailed grades of DMMH-co are shown in table 3 and table 4.

(2) In vitro Photostability Efficacy: Solution Study

The test solutions of 2-allyloxy-1-hydroxyanthraquinones (20 ppm i.e. 71.68 uM) and
parsol (16 uM) in toluene were taken in two quartz stoppered cuvettes. The intensity of
simulated solar atlas sun lamp was adjusted to 550 W/m?. Both the solutions were
exposed to solar simulated radiations for 30, 60, 90 and 120 minutes. The respective
UV-Vis absorption spectra were recorded after each time interval using UV-Visible
spectrophotometer (Lamda 900 Perkin Elmer).

(3) In vitro Photoprotection Efficacy: Transmittance Study

The test samples of HQ-PDMS/HQ-gel (~ 0.2 mg/cm®) were applied on a
polymethylmethaacrylate (PMMA) plate (6 micron roughness and 7x7 size ) (3M) using
standard procedure [47]. The intensity of simulated solar atlas sun lamp was adjusted to
550 W/m?. The PMMA/HQ-PDMS or PMMA/HQ-gel was dried for 15 minutes prior to
UV exposure. The transmitted energy/spectrum was recorded through the HQ-
PDMS/HQ-gel film present on the PMMA using spectroradiometer (International Lights
Model: RPS 900-R). The transmitted energy/spectrum obtained through the PMMA was
used as the control. The control samples containing the mixture of free 2-allyloxy-1-

hydroxyanthraquinones (Al-HQ, 17%) and DMMH-co were used for the study.
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Figure 16: In vitro Photoprotection Efficacy: Transmittance Study

(4) In vitro Photostability Efficacy: Transmittance Study
Experimental procedure described in section 2.4.3 was followed. The PMMA/HQ-PDMS
or PMMA/HQ-gel was exposed to solar simulated sun light for 30, 60, 90, 120, 150 and

180 minutes and respective transmitted energy / spectrum were recorded.

(5) Fluorescence measurement of 2-allyloxy-1-hydroxyanthraquinone (Al-HQ) and 2-
allyloxy-1-hydroxyanthraquinone modified polymer (HQ-PDMS)

The stock solution of 2-allyloxy-1-hydroxyanthraquinone (Al-HQ, 279 ppm = 1000 uM)
and HQ-PDMS (1000 ppm = 610 uM of AlI-HQ) were prepared in toluene. The
fluorescence spectra for Al-HQ test solutions (having concentrations ranging from 2.79
ppm =10 uM to 279 ppm = 1000 uM) and HQ-PDMS (concentrations ranging from 16.4
ppm = 10 uM of Al-HQ to 981.1 ppm = 600 yM of HQ) were recorded using excitation
wavelength of Examax = 420 nm using Horiba Fluorometer. The fluorescence intensity
obtained at emission wavelength of Emymax = 600 nm with slit width 5 was plotted

against concentrations of the hydroxyanthraquinones.
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3. Results and Discussion

3.1 Synthesis & characterization of Poly(dimethyl)-co-(methylhydrogen)
siloxane (DMMH-co)

Various grades of DMMH-co were synthesized by using different levels of MHPS, D4
and capping agent (TMCTS). Detail synthesis procedures and reactions schemes are
shown in section. The product was characterized using *H NMR, *C NMR and FT-IR
and the data is shown in section 2.3.1 and 2.3.2. Previously [48] Si-H was determined
by two methods such as (a) the base catalyzed reaction of silanes with alcohol and (b)
via reaction of silanes with reducing substances like Hg (II) or Ag (ll) salts as shown
below.

Mezawe Hydmpen
k'\.
-
™ Base ,
Si-H © HOR » H * —5rOR

N N 00
,,fi—H + Hg((H,00), * CHOH —= _-Si-OMe+ Fgl(1;000)+ CHOOOH
- f

Titration
*,

\'\_ . " LT i i 4
—~Si-H * Hgll, * HOH —> F#Jrﬁl‘m + Hg(l + HO {KOH
/ -

Due to high toxicity of Hg (ll) salts we developed a new method for the characterization
of Si-H using FT-IR. As described in the experimental section, stock solution of MHPS
(8000 ppm) was prepared. The test solutions were subjected to FT-IR followed by
measurement of corrected peak areas and corrected peak heights at 2159 cm™. Table 2
shows respective corrected heights obtained from test solutions having different
concentration of Si-H. These concentrations (SiH ppm) were then plotted against the

corrected heights in figure 17.
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Table 2: Calibration data for SiH MHPS (% SiH - 45)

Sample Test SiH Total Height Corrected
volume (ppm) Height
(ppm)
AM4-1 6000 2700 0.3110 0.3089
AM4-2 4800 2160 0.3062 0.3047
AM4-3 4000 1800 0.2233 0.2221
AM4-4 2000 900 0.1121 0.1109
AM4-5 1000 450 0.0594 0.0590
AM4-6 500 225 0.0288 0.0285

This result was validated with known %Si-H i.e. 45% present in the MHPS. As a result,
the avg. % Si-H observed after the characterization was 43.99%.

0.4
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y=0.1222x + 0.0047
03 - R*=0.9737 * *
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0.15 -
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% Transmission
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Figure 17: Peak Height at 2159 cm™ with respect to effective Si-H (mg/mL) and Correlation of Peak
Height v/s Effective Si-H (mg/mL)

Peak heights obtained at various concentrations (ppm) of SiH were plotted in figure 17.
The linear equation y = 0.1222x + 0.0047; R? = 0.9737 was obtained, where y is peak
height and x is concentration of SiH (ppm). Based on the calibration, unknown Si-H was

quantified from various grades of synthesized DMMH-co. Following table describes
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as shown in the table 4.

various grades of DMMH-co. Theoretical % Si-H present in each sample was calculated

Table 3: Various grade of DMMH-co % SiH ranging from 1% to 36 %

Sample MHPS D4 TMCTS Calculated M. Wt
(9) (9) (9)
AM-14 0.8 20 - 87061
AM-13 2 20 - 31042
AM-2 5 35 - 16932
AM-1 10 30 - 9877
AM-43 8 20 5 11641
AM-38 10 20 10 11288
AM-45 8.5 10 12 10292

Temperature = 120 °C; Tulsion Catalyst = 2%

Various test solutions of DMMH-co were prepared followed by measurement of the

peak height.
Table 4: Various grade of DMMH-co % SiH ranging from 1% to 36 %

Sample Test Peak height Theoretical Exp. Calculated

solution % Si-H % Si-H M. Wt

(Ppm)

AM-14 50000 0.1283 1 1.18 87061

AM-13 45000 0.5117 3 3.45 31042

AM-2 8000 0.0379 6 7.32 16932

AM-1 6000 0.0314 12 11.98 9877

AM-43 4500 0.1773 18 18.58 11641

AM-38 4000 0.2474 24 24.8 11288

AM-45 1000 0.0854 31 33.01 10292

3.2. Synthesis & Photostability of Allyloxy Hydroxyanthraquinone (Al-HQ)
We selectively carried out allylation of ortho hydroxyl group present on 1,2-di-
hydroxyanthraquinone to form 2-allyloxy-1-hydroxyanthraquinone. The reaction scheme

is shown in figure 3 and synthetic procedure is described in the experimental section.
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The product was characterized using *H NMR, *C NMR, FT-IR and GC-MASS. The
data is shown in section 2.3.3. UV absorption efficacy and the photostability of 2-
allyloxy-1-hydroxyanthraquinone (Al-HQ) were studied in toluene. The detail procedure
is described in the experimental section 2.4.2. Figure 18, shows UV-Visible spectrum of
2-allyloxy, 1-hydroxyanthraquinone in toluene having Amax of 415 — 420 nm, before and
after exposure to 30, 60, 90 and 120 minutes of solar simulated sunlight. All the spectra
were compared with the spectrum obtained before exposure (0 minutes). As seen in
figure 18, marginal change in UV-Visible efficacy of 2-allyloxy-1-hydroxyanthraquinone
solution was observed after exposure to 120 minutes of solar simulated radiation. This
indicated the superior photostability of 2-allyloxy-1-hydroxyanthraquinone (Al-HQ).

0.50 +

—— 0 min (HQ)
045 1 —— 30 min (HQ)
040 60 min (HQ)
0.35 1 ——90 min (HQ)
030 1 —— 120 min (HQ)

0.25 A
0.20 -

Absorbance

015 A
0.10
0.05 A
0.00

350 400 450 500
nm

Figure 18: UV-Visible absorbing efficacy of 2-allyloxy-1-hydroxyanthraquinone (20 ppm) before (0) and

after the 30, 60, 90 and 120 minutes of exposure to solar simulated sunlight (In toluene)

3.3 Synthesis & Photostability of Hydroxyanthraguinone Modified Silicone
polymer (HQ-PDMS)

2-allyloxy-1-hydroxyanthraquinone (Al-HQ) and octadecene were reacted with DMMH-
co in the presence of platinum catalyst and toluene. The reaction scheme is shown in

figure 3 and synthetic procedure is described in experimental section 2.3.4. The
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reaction was monitored by disappearance of FTIR peak due to Si-H at 2159 cm™ (figure
13). Covalent attachment of 2-allyloxy-1-hydroxyanthraquinone (Al-HQ) to DMMH-co
backbone was reconfirmed using *H-NMR in figure 14. The appearance of peak at & 0.6
indicated formation of [-Si-CH,CH,CH,-O-hydroxyanthraquinone] linkage shown ibn
figure 14-1. % hydroxyanthraquinone present on the HQ-PDMS was determined by
using UV absorption spectroscopy.

The stock solution of AI-HQ (279 ppm) was prepared in toluene. Various test solutions
of AI-HQ having concentrations ranging from 5 - 40 ppm were prepared. As seen in
figure 19, The absorbance at Anax = 420 nm was plotted against the test concentrations
of Al-HQ.

1 -
1
— S ppm 09 -
09 pp
= 10ppm 08
08 - —15ppm
o 07 - —20ppm ® 0.7 1
o ——25ppm 2 06 -
£ 06 - T
© —30ppm 2 p5
£ 05 - S
8 : 35ppm 8 04 -
a 04 - 40ppm g '
< 03 -
03
' 0.2
02 -
0.1
01 4 \
0 .
0 ' ' ' 0 0.1 02 03 04 05
345 395 445 495
nm ppm

Figure 19: Absorption spectra of Al-HQ

Similarly, the stock solution of HQ-PDMS (1000 ppm) was prepared in toluene. Various
test solutions of HQ-PDMS having concentrations ranging from 15 - 120 ppm were
prepared. As seen in figure 20, the absorbance at Anmax = 420 nm was plotted against
the test concentrations of HQ-PDMS. The linear equation obtained in figure 19, i.e.
y = 2.1583x; R?= 0.989 was used to calculate unknown levels of hydroxyanthraquinone
loaded in HQ-PDMS, where y is absorbance obtained at any given concentration of HQ-

PDMS and x is concentration effective HQ (ppm) present in HQ-PDMS.
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Figure 20: Absorption spectra of HQ-PDMS

Table 5 describes various grades of HQ-PDMS synthesized by using different levels of
DMMH-co, octadecene and Al-HQ. Theoretical %HQ present in each sample was

calculated as shown in the table 5. Octadecene was used to solubilize the HQ

chromophore in toluene.

Table 5: Various grades of HQ-PDMS containing different % loading of hydroxyanthraquinone

Exp. code DMMH-co | Octadecene HQ Experimental
(%) (%) (%) (%HQ)
AM-87 61 33 5 3
AM-68 48 25 26 17 %
AM-75 48 26 26 20 %

In the next section photoprotection efficacy of HQ-PDMS was evaluated using the
procedure described in section 2.4.3 and 2.4.4. The test sample, HQ-PDMS (~ 0.2
mg/cm?) was applied on a polymethylmethaacrylate (PMMA) plate. The intensity of

simulated solar atlas sun lamp was adjusted to 550 W/m? The transmitted

energy/spectrum was recorded through the HQ-PDMS film present on the PMMA. Note:
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the mixture of 2-allyloxy-1-hydroxyanthraquinones (Al-HQ, 17%) and DMMH-co was
used as the control test sample.

m—Free HO + MHPS
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——Ha-PDMS
100 -
B0 -
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% Transmission

20 4

0

350 450 nm 550 650

Figure 21: Broad spectrum in-vitro UV-Visible absorbing efficacy of HQ-PDMS & Control (Free Al-HQ +
DMMH-co)

As seen in figure 21, ~15% transmittance was obtained through test sample HQ-PDMS
v/s control which showed ~ 45% transmittance at Amax 420 nm. Hence HQ-PDMS
showed superior photoprotection efficacy than the control. This was presumably to be
due to superior molecular solubilization of hydroxyanthraquinone chromophore in HQ-
PDMS v/s control. This could have led to uniform distribution of UV absorbing
chromophores on the substrate surface; resulting into the superior photoprotection

efficacy.

Similarly, photostability of HQ-PDMS was evaluated using the procedure described in
section 2.4.3 and 2.4.4. Once again test sample, HQ-PDMS (~ 0.2 mg/cm?) was applied
on a polymethylmethaacrylate (PMMA) plate. The intensity of simulated solar atlas sun
lamp was adjusted to 550 W/m? The transmitted energy/spectrum was recorded
through the HQ-PDMS film present on the PMMA. Same test sample, HQ-PDMS on
PMMA plate was exposed to solar simulated sun light for 30, 60, 90, 120, 150 and 180

minutes, followed by measurement of respective transmitted energy / spectrum. Figure
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22 shows transmittance spectra obtained before and after exposure to solar simulated

sun radiations.
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Figure 22: Broad spectrum in-vitro transmittance i.e. UV-Visible protection efficacy of HQ-PDMS &
Control-1

Interestingly, we observed directional decrease in the transmittance with the extent of
solar simulated sun exposure.. This behavior showed progressive photoprotection
obtained due to HQ-PDMS probably due to UV triggered film formation, followed by
reorganization of chromophores onto the surface. Recent literature “¥ also showed this
kind of behavior in other chromophore. The mode of action of progressive protection is

not yet understood.

3.4 Photochemical Properties of 1,2-di-hydroxyanthraquinone derivatives

1,2-hydroxyanthraquinone shows photostability mainly due to its unique hydrogen
bonded planar structure which undergoes excited state intramolecular proton transfer
(ESIPT) [50] and emits excited energy through a dual fluorescence phenomenon [51].
The molecule in the first excited state S; (N*) undergoes an intramolecular proton

transfer (ESIPT) to create another species in its first excited singlet state S1 (T*). This

41



excited proton—transferred species loses its energy by a non-radiative decay process as
thermal energy to Sp (T). The fundamental form of the absorber Sp (N) is regenerated by
a reverse proton transfer mechanism [52,53,54]. Hence photo-stable HQ-PDMS or HQ-
Gel was synthesized by maintaining unique hydrogen bonded planar structure present
on the hydroxyanthraquinone structure.

In this section, we studied photochemical properties of 2-allyloxy-1-
hydroxyanthraquinone (Al-HQ) alone and in the presence of parent pre-polymer DMMH-
Co. The test solutions of Al-HQ having concentrations ranging from 2.79 — 279 ppm (i.e.
10 - 1000 uM) were prepared, followed by measurement of fluorescence spectrum. The
detailed procedure is described in the section 2.4.5. Figure 23 shows fluorescence
spectrum obtained from test solutions of Al-HQ alone and in the presence of parent pre-
polymer DMMH-Co. Similarly, test solutions of AI-HQ having concentrations ranging
from 2.79 — 279 ppm (i.e. 10 - 1000 uM) were prepared in the presence of parent pre-
polymer DMMH-Co having concentrations ranging from 13.61 - 1362 ppm; followed by
measurement of fluorescence spectrum. Figure 23 shows fluorescence spectrum

obtained from test solutions of Al-HQ in the presence of parent pre-polymer DMMH-Co.
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Figure 23: Fluorescence Quenching of Al-HQ and physical mixture (Al-HQ in presence of DMMH-co)
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As seen in the figure 24, the fluorescence intensity at EmAmax = 600 nm was plotted
against concentrations of Al-HQ alone (figure 24, line 1) and in the presence of parent
pre-polymer DMMH-Co (figure 24, line 2). As expected fluorescence intensity due to Al-
HQ increased with the concentration up to 150 uM followed by significant drop with
further increase in the concentration. This was possibly to be due to self quenching of
excited hydroxyanthraquinone at 150 uM concentration. The kinetics of self was remain

unaffected parent pre-polymer DMMH-Co.
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Figure 24: Fluorescence Quenching of Al-HQ and physical mixture (Al-HQ and DMMH-co)

In this section, we studied photochemical properties of HQ-PDMS. The test solutions of
HQ-PDMS having concentrations ranging from 16.4 — 981 ppm were prepared, followed
by measurement of fluorescence spectrum. Note that the effective concentrations of
hydroxyanthraquinone present in these test solutions were ranging from 2.79 — 279
ppm; same as used in figure 23. Figure 25 shows fluorescence spectrum obtained from
test solutions of HQ-PDMS compared with Al-HQ at same range of concentrations. As
seen in the figure 26, the fluorescence intensity at EmAnax = 600 nm was plotted against
effective concentrations HQ. As expected, in the case of HQ-PDMS fluorescence
intensity increased with the effective concentration of HQ, up to 150 uM followed by
significant drop with the further increase in the concentration. This was again possibly to

be due to self quenching of excited hydroxyanthraquinone above 150 uM concentration.
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However as seen in figure 26, line 3, in the case of HQ-PDMS, fluorescence intensity
obtained at 150 uM concentration was almost 50% less than what was observed with
free Al-HQ (figure 26, line 1) and in the presence of parent pre-polymer DMMH-Co
(figure 26, line 2).
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Figure 26: Comparison between free Al-HQ, HQ-PDMS, free Al-HQ + octadecene + DMMH-co
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We observed enhanced fluorescence quenching or self quenching between the
photoexcited chromophores, when they are covalently attached to the flexible polymer
backbone such as polysiloxanes. However various parameters such as (a) effect of
chromophores attached to the polymer backbone, (b) molecular weight of the parent
polymer; (c) type of chromophores could play significant role in the quenching kinetics.
Also interaction between donor (e.g. photodegradable molecules) and acceptor (e.g.
guencher or photostabilizing molecules) can be enhanced using this model polymer

system.
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Polymer enhanced
Conventional
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SolarRadiations _ |
\.._,{:E» Donor O Acceptor

Figure 27: figure showing donor - acceptor interactions can be possible on a polymeric backbone.

3.5 Synthesis & Photostability of Hydroxyanthraguinone Modified Silicone
elastomer gel.

2-allyloxy-1-hydroxyanthraquinone and octadecene were reacted with DMMH-co in the
presence of platinum catalyst and toluene. The reaction scheme is shown in figure 4
and synthetic procedure is shown in experimental section. The reaction was monitored
by disappearance of FTIR peak due to Si-H at 2159 cm™ (figure 13). After the reaction
~ 80% toluene was removed. The gel was washed with cold methanol until it was free
from unreacted 2-allyloxy1l-hydroxyanthraquinone. Finally it was swollen in Ds. Covalent
attachment of hydroxyanthraquinone to polymer backbone was reconfirmed using NMR.
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Appearance of peak at & 0.6 indicated formation of [-Si-CH>CH,CH,-O-
hydroanthraquinone] linkage shown in figure 14-1. The UV-Visible efficacy of the
hydroxyanthraguinone modified silicone elastomer gel (HQ-Gel) was determined by the
amount of active hydroxyanthraquinone moiety covalently present on the polymer chain.
We therefore prepared control-1 mixture containing 17% free hydroxyanthraquinone
and DMMH-co. In vitro analysis showed that visible light absorbing efficacy of control

mix was almost double that of HQ-gel (figure 28).
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Figure 28: Photoprotection efficacy of hydroxyanthraquinone modified elastomer

Conclusions

The molecular solubilization of hydroxyanthraquinone was achieved through its covalent
attachment to the specialty polymers. Photostable 1-hydroxyanthraquinone-tagged
poly(dimethyl siloxane) (HQ-PDMS) showed superior spreading due to uniform
distribution of HQ chromophores on the substrate surface. We observed enhanced
fluorescence quenching between the HQ chromophores, when tagged on the HQ-
PDMS over free Al-HQ. Hence intermolecular photo-quenching processes between two
chromophores (donor and/or acceptor) could be enhanced through covalent attachment

to flexible polymer backbone.
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