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The design and development of photoreaction systems capable A NIPAM BP
of promoting organic transformations in an economically and
environmentally friendly way is one of the biggest challenges in H)N\ 0 1%
chemistry! Such convenient systems must be able to control the x ¢
photoreaction rate easily and reversibly. An easy way is to vary Yo
the light intensity absorbed by reactants (which involves turning
up/down the intensity or varying the distance of reactant from light BP 0, Q_OH
source). In contrast to these mechanical ways, the reaction rate can hv 1
also be controlled by chemical ways: change soRant add a ISC
third component to the reaction mixtutelhese principal ways,
however, control the rate irreversibly. The development of systems °BP" 02 OOO
enabling reversible photoreaction rate control by simple external
stimuli without contaminating the reaction mixture is one of the
most important issues to be addressed.

Our system presented here empldgmperature a basic and 121

Figure 1. (A) Structure of poly(NIPAMeo-BP), where each unit is
randomly arranged along the chain. (B) Sensitiz®d oxygenation.

handy parameter, as the stimulus for reversible rate control. We 10- C e, °
use a polymeric photosensitizer, poly(NIPAd-BP), consisting S ®

of N-isopropylacrylamide (NIPAM)and benzophenone (BR)nits = 8] .

as the thermosensitive and photosensitizing parts (Figure 1A). The S 6- * *
photoexcited BP unit®BP*) produces singlet oxyged@,) via an 2

energy transfer to §(Figure 1B)® Here we report that this simple ~ 47 e @ ® 8
polymer acts as the first sensitizer, enablirggersible photo- 2 ° o
oxygenation rate control by temperaturk is well-known that 0; o ° .O OI .
polyNIPAM in water shows a reversibleoil-to-globule phase 5 10 15 20 25 30 35
transition, associated with hydration/dehydration of the polymer T(°C)

chain by temperaturéThis property has been applied to various  Figure 2. Temperature-dependent changeigield (3 h) in O-saturated
materials: enzymatic reactérdrug delivery systerf? fluorescent aqueous solution (pH 10). The systems are: (white)@ibl HBP, (red)
deviceb¢ catalyst and adsorberfe Various polymers bearing a 0.1 umol HBP with 0.2 mg polyNIPAM, (blue) 0.Lmol HBP with 1.6
photosensitizing molecule had been proposed sbHawyever, none ‘“g;oémg:M{%tg’Q)o'hmOI HBP with 8umol NMA, and (black) 0.2 mg
of the systems had been utilized for thermal control of the poly '
photoreaction rate. We describe here that this unprecedentedusually observed fofO, oxvaenatiors2 This is because a rise in
function is driven by a temperature-controlled self-assembly of the 2 OXygenatior: .

. - . I temperature accelerates the diffusion of HBR, &d1, resulting
polymer, which cleverly controls the stability and diffusion'@¥, . g . . 10
and the location of substrate. in an enhancement df, formation and oxygenation df.1? In

Pol(NIPAM.co %) 094000 s iy prar by orey SOWCIPAEO £ (sl shows o e s
copolymerization of NIPAM and 4-allyloxyBP with AIBN? Y P P ’ g

. -, . ; . a decrease at22 °C. To the best of our knowledge, this is the
Oxygenation activity was estimated with the transformation of first photoreaction svstem showina a temperature-dependent off
phenoll to p-benzoquinon& (Figure 1B), a typicalO, oxygen- P Y g P P

. . : i T on—off-type activity profile.
ation reactior?:’® The reaction was carried out by photoirradiation T . .
(A > 320 nm) to an @saturated agueous solution (pH 10) As shown in Figure 2 (blue), HBP with a monomer amidie (

containingl (10 x«mol) and poly(NIPAMeo-BP) (0.2 mg containing ?ethyﬁégto?rr;:de:\,vmyA;Tlﬁ?r?c’lz, snows T:)IghieQ m(ieclid thrar:n t
0.1 «mol BP and 1.6«mol NIPAM units)® oes alone (white). This is because basic amide promotes

Photoirradiation ofl with poly(NIPAM-co-BP) affords2 as a deprotonation ofl (formatiqr_1 of a p_henoxidle anion) af‘d’ h_ence,
sole product at all tested temperatures, as does 4-hydroxyBP (HBP;EcceIerates thhel electrrc])phll;]c adt():iltl_ond%ﬁ)g.h T:le 2 yield is,
0.1 umol),® a reference water-soluble sensitizer. Figure 2 sum- owever, much ower than that obtained with po Y('\“P P)
marizes changes in the yields ®fwith temperature. With HBP (black). HBP with 5-fold molar excess NMA (@mol; green) shows

. S . : ._the same higl2 yield as does the polymer at IT; but, the yields
hite), th Id lightl the t t
(white), the yield increases slightly as the temperature rises, asis  '." 1 '35¢ are also high, giving a flat profile. HBP with BP-

TResearch Center for Solar Energy Chemistry and Graduate School of . : ;
Engineering Science. free polyNIPAM® (0.2 mg; red) shows highet yield than does

* The Institute of Scientific and Industrial Research (SANKEN). HBP alone, but still gives a flat profile.
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Figure 3. Change in structure of poly(NIPAMe-BP) in water.
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Figure 4. Temperature-dependent change in turbidityo) and hydro-
dynamic radiusR,) of poly(NIPAM-co-BP) in aqueous solution (pH 10).

(Inset) Change in absorption spectra of the solution.

The off—on—off activity of poly(NIPAM-co-BP) is driven by a
heat-induced phase transition of the polymer frowoil to micelle
and then toglobule state (Figure 3). The micelle contains a
hydrophobic domairtapable of lengtheningD, lifetime, leading
to oxygenation enhancement, while the globule contaihgdxo-
phobic corecapable of eliminating. and suppressini, diffusion
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Figure 5. (A) ESR spectra of TEMP!O; spin adduct obtained by
photoirradiation (at 17C) to an aerated solution (pH 10) containing TEMP
with (i) poly(NIPAM-co-BP) and (ii) HBP. (B)!O, quantum yield {107
obtained by double integration of the lowest magnetic field signal of the
adduct, where Rose Bengal was used as referabgsy & 0.75 (at 25°C);

ref 14b). The systems used are identical to those in Figure 2.
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Figure 6. (A) 'H NMR spectra ofL in DO at (i) 35°C and at (ii) 35, (iii)
17, and (iv) 5°C with poly(NIPAM-co-BP). (B) Signal intensity ofH
NMR spectra of (black]l measured with poly(NIPAMeo-BP), (red) TEMP
measured with poly(NIPAMzo-BP), and (blue) HBP measured with
polyNIPAM. The intensity was determined by integration of all of the C
resonances df, TEMP, and HBP, where the intensities hf TEMP, and
HBP measured at 35C without polymers were set as 1.

temperature range; these also agree with the yield profile. These

to bulk water, leading to oxygenation suppression. Figure 4 (white) indicate that, from 5 to 17C, the growth of the hydrophobic
shows temperature-dependent change in turbidity of water contain-domain within poly(NIPAMeo-BP) lengthens théO, lifetime

ing poly(NIPAM-co-BP); an obvious increase at29 °C implies
that almost all of the polymer aggregates strongly>&9 °C
(globule state}.'H NMR analysis of the polymer in £D shows a
lower-field resonance shift of I€ adjacent to NH group as the
temperature rises from 5 to I (Figure S#),12 indicating that
looseaggregation occurs at8L7 °C (micelle state; Figure 3), and

more, resulting in oxygenation enhancement.

Further confirmation of the mechanism was made'tdyNMR
analysis ofl with poly(NIPAM-co-BP). Figure 6A shows a change
in the CH resonance ol with temperature. The signal measured
at 17°C is obviously weaker than that at 5 and g5, this clearly
indicates that exists within the hydrophobic domain of the polymer

the hydrophobic domain becomes more hydrophobic as the tem-at 17°C. Figure 6B (black) shows change in the signal intensity of

perature rises. At 17 °C, the GH resonance shifts further, along
with the intensity decrease (Figure®glhis is due to the removal
of D,O associated with the strong polymer aggregat®®bynamic
light scattering (DLS) analysis (Figure 4 and®gaf the polymer
solution detects a formation of the hydrophobic core>&0 °C

1, determined by integration of the signal. The intensity decreases
as the temperature rises from 5 to 42, meaning thatl exists
within the domain at 517 °C, and the domain becomes more
hydrophobic as the temperature rises. This suggests that the heat-
induced growth of the hydrophobic domain lengthens the lifetime

(det. limit, 3 nm)*2implying that strong aggregation occurs partially — of 1O,, which oxidizesl within the domain effectively, resulting

at about>22 °C (Figure 3).

The 2 yield increase at 517 °C (Figure 2) is triggered by the

in the oxygenation enhancement at®&/ °C. However, theD;o,
increase at 517 °C obtained with the polymer (Figure 5B, black)

heat-induced growth of the hydrophobic domain, lengthening the is lower than that expected from tl2eyield increase (Figure 2).

10, lifetime 513 This is confirmed by dO,-trapping ESR analysis

As shown in Figure 6B (red), signal intensity of TEMP when

with 2,2,6,6-tetramethylpiperidine (TEMP). As shown in Figure 5A, measured with the polymer indicates that hydrophobicity around
photoirradiation of the polymer in an aerated solution with TEMP  TEMP is much lower than that aroudd This suggests that TEMP

gives TEMP-10, spin adduct signalsl = 17.3 G,g = 2.0053)!4
as is also the case for HBP. Figure 5B shd@s quantum yield
(P102), determined by double integration of the adduct sigffal.

does not exist sufficiently within the domalh]eading to insuf-
ficient reaction withtO, formed within the domain. Signal intensity
of HBP measured with polyNIPA# (Figure 6B, blue) does not

The ®,0, obtained with the polymer (black) actually increases as decrease, meaning that HBP exists mainly in bulk witéimost

the temperature rises from 5 to 1C; this agrees well with thg
yield profile (Figure 2). In contrast, th@;0,for HBP—NMA (blue)

no enhancement of ttzyield in HBP—polyNIPAM system (Figure
2) is, therefore, due to no lifetime enhancement®f formed in

and HBP-polyNIPAM (red) systems scarcely change at this bulk water.
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reusability, and (iii) high operability (reaction is operated at around

room temperature). This basic concept for polymer design may
contribute to the development of economically and environmentally
friendly phototransformation processes and to the design of more
efficient photosensitizing materials.

2 yield (%)
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where the reaction temperature is changed after each hour:a} 5— Supporting Information Available: Materials, methods, Tables

35°C, (b) 35— 17— 5°C, and (¢) 5> 17— 35°C. Run (c) is carried g7 anq 52 and Figures S$8. This material is available free of charge
out with the polymer recovered after run (a). The recovery process is heating . .
via the Internet at http:/pubs.acs.org.

the sample to 40C, followed by centrifugation (5 min, % 10* rpm).
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Table S¥), gives only 39 nm. As shown in Figure 4, the core (9) Excited-state energies estimated by absorption, fluorescence, and phos-
diameter at 22C is only 3.5 nm but reaches dm at 32°C. The phorescence (77 K) measurements in ethanol/diethyl ether (2/1, v/v) are
. ith theield d Ei 2) ESR the following: Es = 323 andEr = 288 kJ/mol for poly(NIPAMeo-BP);

core size increase agrees with thyield decrease (Figure 2). ES Es = 322 ancEr = 286 kJ/mol for HBP ®pnosis 0.0011 for poly(NIPAM-
analysis (Figure 5B, black) confirms the decreasedinn, at co-BP) and 0.0015 for HBP. Laser photolysis (355 nm) measurement

(Figure S8) of the polymer in CHglreveals that triplet #* and zz*

>22°C. These findings clearly suggest that the heat'ind_UCEd strong states are simultaneously populated as does HBP, due to the oxygen atom
aggregation of the polymer (formation and expansion of the sKubgtitutiorkto \}heMB'tFt) rlngiegg Enasikétgan, AAgéé SIB%“@?% é3 Eg(l)it, D.

. . . .; Sapre, A. V.; Mittal, J. PJ. Phys. Chem. .
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with 1. (12) (a) Cao, Z; Liu, W.; Gao, P.; Yao, K.; Li, H.; Wang, Bolymer2005

Figure 7 shows change in ti®yield with time, obtained with 46, 5268-5277. (b) Zhang, J. X.; Qiu, L. Y.; Jin, Y.; Zhu, K. Golloids

. . Surf. B2005 43, 123-130.
poly(NIPAM-co-BP), where the reaction temperature is changed (13) wilkinson, F.; Helman, W. P.; Ross, A. B.Phys. Chem. Ref. Dal®95

; ; 24, 663-934.
aﬂer each hour. The data clearly Shc.?w that (i) the X ygenation rate (14) (a) Das, K. C.; Misra, H. Rl. Biol. Chem1992 267, 19172-19178. (b)
is changeable by temperature and (ii) the rate obtained at the same He, Y.-Y.; An, J.-Y.; Jiang, L.-3J. Photochem. Photobiol. B999 50,

temperature is identical regardless of the temperature sequence  166-173.(c) Li, H-R.;Wu, L.-Z;; Tung, C.-H]. Am. Chem. So@00Q
) s S 122, 2446-2451.
(56— 17— 35; 35— 17— 5 °C). These results indicate that the  (15) Thé logP values for1, TEMP, and HBP are 1.64, 1.67, and 2.85,

polymier. Gan conitol ihe oxygenation Fateersbi: £noter Gomain of poly(NIPAMCG BP) of poyNIPAM than that ofl Ty be.
notable feature of the polymer is the high reusability with a simple attributable to the bulky structure of TEMP and HBP (Figure S3).
recovery process: heating the reaction mixture t¢@Gollowed (16) EF(’j-fre% %pIyNIPAfM Sh?_WS a{:g\gogs('t:urbldltyslgcre?see;it ¥2 and

. . . ydrophobic core formation ° igures S5 an .
by centrifugation (5 min, 2< 10 rpm) affords>98% polymer (17) (a) Ito, H.; Ikeda, T.; Ichimura, KMacromoleculesi993 26, 4533-

recovery, and the recovered polymer shows the same activity as 4538. (b) Horiuchi, H.; Ishibashi, S.; Tobita, S.; Uchida, M.; Sato, M.;
does the virgin polymer (run C)_ ;%837;(4& Otaguro, K.; Hiratsuka, Hl. Phys. Chem. R003 107,
In summary, we have found that a polymeric photosensitizer, (18) As shown in Figure 4 (inset), BP unit still absorbs light (at around 300

poly(NIPAM-co-BP), reversibly controls th&), oxygenation rate ?8'“?,%2; %%écén“éhé*?&,";”iggagﬁfu?ef glz%.sgwégg fsé%?écfd?/edggtr?ﬁzes
by temperature, which is driven by a temperature-controlled self- decrease in the incident light absorption of the BP unit, associated with
assembly of the polymer. The simple photoreaction system proposed ~ the polymer aggregation, as the major factor Zgyield decrease.

here exhibits significant advantages: (i) additive-free, (ii) high JA062949C
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