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ABSTRACT: We have used an azobenzene derivative substituted with a 2-chloropropionyl group as an initiator
for the atom transfer radical polymerizationgfisopropylacrylamide. The resulting polymers, which possessed
azobenzene moieties at one of their termini, had molecular weights-6f2.0 kDa. Aqueous solutions of these
polymers displayed low critical solution temperatures that alternated reversibly in respoBge-#photoi-
somerization cycles of the terminal azobenzene moieties. The difference between the transition temperatures
after exposure to UV and visible irradiation increased linearly up to a value of ov&E L(pon decreasing the
molecular weight of the polymer.

Introduction For example, in the highly sensitive ocular system expressed
Poly(N-isopropylacrylamide) (polyNIPAM) is a well-known in vertebrate photoreceptor cells, photoisomerization of a single

thermoresponsive polymer that changes its appearance in Wate_petinal molecule from the 1_1-cis co_nformation to the all-trans
from a clear solution to a turbid suspension at a relatively low 'SOMer induces a change in the higher-order structure of the
critical solution temperature (LCST) of ca. 3¢.1 This sharp ~ macromolecule contacting that rhodopsin Urifthe increased
thermoresponse results from coil-to-globule transitions of single S€NSitivity of this “one-to-one” system results from molecules
chains. This useful property can be exploited in many new of uniform size being located in specific positional relationships.
applications, such as adsorption/desorption sheets for cel| N this paper, we report.the atom transfer radllcal .polymerlzat!on
cultures? drug delivery? tunable optical devicesand chro- (ATRP)-based synthesis of a polyNIPAM derivative possessing

matographic separatiérPhotofunctional polymers attract much & Single photoresponsive azobenzene unit at one of its termini
interest for their application in optical and mechanical devices @nd the cloud point shift in its water solution response upon
because of their ready accessibility. Polymeric systems that €XPosure to light. Recently, ATRP has been utilized widely to

combine thermoresponsive polyNIPAM with photoresponsive Synthesize block copolyrrr;sers, star polymers, and controlled
units have been reportéd=or example, a random copolymer ~Mmolecular weight polymerSATRP, which occurs with slow

of NIPAM and a small amount of photoisomerizable azobenzene Nain propagation, can result in lower polydispersity relative
to that obtained from conventional free radical polymerization

acrylamide derivatives has been demonstrated to undergo . -
photoinduced alternation of its cloud point in aqueous solfdon. 2nd: thus, can lead to more-uniform molecular weights. Another
In such polymers, the pola form of the azobenzene unit has P€nefit is that a simple alkyl chloride can be used to initiate
increased aqueous solubility in comparison with its relatively he Polymerization. The ease of synthesis of the initiator can
nonpolar E form: the balance between polar and nonpolar be ex'pI0|ted as a means to functionalize the terminus of the
resulting polymer. For example, we can use thermally and

moieties has a great impact over the transition tempefafré. . C . 8
t chemically stable initiators having complicated structures (e.g.,

We reported that structural optimization of the azobenzene uni X X . :
in such a copolymer is an effective means to controlling the photoresponsive residues) for ATRP to provide polymers with

cloud point shifté9indeed, the photoinduced shift was observed functionalized chain ends.
in the polymers with wide copolymerization ratio. Upon

. . . ) dResults and Discussion
increasing the number of azobenzene units, the photoinduce . o
shift increased up to a certain value but decreased thereafter € Synthesis of a polyNIPAM derivative through the ATRP

with accompanied by expanding temperature range of the method has peg_n reporteq when using 2-ch|or9prop|on|c ethyl
transition (i.e., the transition is no longer sharp). These €Ster as the initiatdt.n this study, we polymerized NIPAM
phenomena might be due to inhomogeneity in the copolymer. from a new initiator Az-Cl, _under S|_m|I§r condl_tlons. We _use_d
The synthesized polymers exhibited polydispersity; in addition, NMR spectroscopy to monitor the kinetics of this polymerization
when we prepared them through copolymerization, they exhib- Process. Figure 1 displays the dependence of the degree of
ited a variety in the number and position of their photofunctional Polymerization (PD) on the polymerization time at a NIPAM-
units. Such low uniformity can lead to a decrease in the to-initiator feed ratio of 100:1. For these measurements, samples
sharpness of the photoresponsive nature. Ideally, we would like Were extracted with a syringe from the reaction mixture during
to obtain polymeric systems in which the isomerization of a €ach polymerization and concentrated prior to NMR spectro-
single photoresponsive unit would exert a physical response. SCOPIC analysis. The methine protons of the isopropyl groups
appeared separately as a single broad peak at 4.0 ppm for
*To whom correspondence should be addressed: h.akiyama@ polyNIPAM and as an octet at 4.2 ppm for NIPAM (SFigure

aist.go.jp, teH-81-298-61-4418, fax 81-298-61-4669; n.tamaoki@aist.go,jp, 1)- Aromatic protons characteristic of the azobenzene moiety
tel +81-298-61-4671, fax-81-298-61-4673. appeared at 7.1 and 7.9 ppm. We determined the PDs from the
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Time / hr that ofp-3, yet still resulted in a low PDI<{1.1). These findings

Figure 1. Plots of the degree of polymerizaton (PD; circles) and indicate that the terminal chlorine atom remained in place during
conversion (triangles) as a function of the reaction time for the Polymerization; it is possible that the chlorine atom was
polymerization initiated from 1.0 mol % (to NIPAM) @%z-Cl. Values  eliminated during the purification process or during ionization
were eSt'matedl fro’f“ peakf_afeas n NMR(; SFI)(?C”"?‘- The solid line jn the mass spectrometer. The yields were almost 50% for the
represents results of curve fitting to first-order kinetics. polymers prepared duina 4 hreaction p-1, p-2, andp-3).
Table 1. Polymerization The perspective molecular weights expected from these yields
fimeth  NIPAMAZ _ yield%  PD Mut (PDF) should be half of the feed; be_cause the measqred va_Iu_es_of PD
are larger than the perspective molecular weights, it is likely

p-1 4 25 46.4 14 1690 (1.05) that higher molecular weight polymers were recovered selec-
p-2 4 50 50.0 31 3940 (1.07) vely af forming th A

p-3 4 100 504 67 7670 (1.06) tively after performing the reprecipitation process. '

p-4 8 100 95.1 93 12000 (1.08) Each of the polymers was soluble in cold water. Figure 2

aPolymerization time® Polymerization degreé€.Weight-average mo- displays UV-vis spectra of an aqueous solutionp#. The

lecular weight estimated from MALDI-TOF MS spectfsPolydispersion spectrum obtained prior to exposing the 30"_"“0” to light
index. corresponded to that of the thermally stalfeisomer of

azobenzene, which differed from that obtained from an organic
ratios of the peak areas of the signals for the methine protonssolution with respect to the positions of the central wavelengths
of the polyNIPAM units (4.0 ppm) to those of the aromatic of the n—z* and 7—x* transitions. The absorption band of the
protons of the azobenzene units (7.9 ppm); we estimated then—x* transition appeared at ca. 400 nm as a shoulder of the
conversions from the area ratio of the polyNIPAM units (4.0 largex—a* absorption band (360 nm). These signals overlapped
ppm) to the total peak area of the polyNIPAM and NIPAM in water as a result of a polar solvent effect that caused a blue
units (4.2 ppm). The calculated conversions and PDs coincidedshift of the n—x* transition and a red shift of ther—sa*
and both increased upon increasing the reaction time. Thesetransition. The spectrum of the polymer solution became
plots fitted well to first-order kinetics (solid line), indicating equivalent to that of a typical isomer after exposure to UV
that the polymerization proceeded stoichiometrically. We used irradiation. The two absorption bands of the-z* (317 nm)
the same reaction conditions to preparation of polymers shownand n-z* (443 nm) transitions were clearly separated. The
below, but at various monomer-to-initiator feed ratios, and isomerization ratio after exposure to the UV irradiation (365
applied both column chromatography and reprecipitation as nm), calculated using the Fisher metHéayas 96%. Exposure
purification methods® Table 1 indicates that the resulting to visible light (488 nm) resulted in a change in spectral shape
polymers had different molecular weights depending on the feed back to that of theE isomer, but with absorption intensities
ratio. We estimated the molecular weighté,(in Table 1) from slightly lower than they had been originally. The calculated
MALDI-TOF mass spectra (SFigure 2); a distance between isomerization ratio was 13%, i.e., an 87% recovery of Ehe
neighboring signals afivz 113 corresponded to a difference of isomer.
a single NIPAM unit. Considering that the molecular weight We monitored the change in transmittance of light (600 nm)
of NIPAM unit is 113 g/mol, we converted the average upon increasing the temperature of the various (irradiated and
molecular weight determined from a series of peaks to averagenonirradiated) solutions of polymer; each system exhibited its
degrees of polymerizationN{,,/PDI-357)/113] of 11.1 fop-1, onset of precipitation (i.e., its cloud point, which is almost equal
29.4 forp-2, and 60.9 foip-3; these values match to values of to the LCST) at a different temperature, as indicated in Figure
PD estimated from the NMR spectra (PD in Table 1). The 3. The measured value of the cloud point of the sample that
polydispersity index (PDI, represented B¥./M,) of each had not been exposed to light was lower than the LCST of
polymer was below 1.1. These results suggest that our polym-conventional polyNIPAM (32C). The cloud point after UV
erization conditions provided a controlled ATRP process. irradiation was higher than that observed prior to irradiation.
Strangely, the signals in the MALDI-TOF mass spectra matched Irradiation with visible light induced a shift back to a lower-
values expected for the [Az-Ct n(NIPAM) — CI]* ions; i.e., temperature cloud point, one that was close to the transition
the chloride residues disappeared from all of the polymers. If a temperature prior to irradiation. Increasing the azobenzene
chloride ion was eliminated from a polymer terminus during content led to a decrease in the cloud point of the polymer
polymerization, the propagation reaction would stop. We solution both before and after irradiation with visible light,
observed, however, that prolonged polymerization gave rise torelative to that of conventional polyNIPAM, but it did not
the higher-molecular-weight polympr4 in a higher yield than significantly affect the cloud point after UV irradiation. This
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Figure 3. Temperature dependence of the transmittance of 600 nm
light through a 0.2 wt % solution of-4 in water measured before 96% of Z isomers
(circle) and after irradiation at 365 nm (triangle) and 436 nm (rectangle).

12 Figure 5. Photograph of g-1 solution irradiated with UV light and
10+ then irradiated with an Ar ion laser beam at room temperature.
[8) 8 derivatives exhibiting narrow polydispersity that had been
< 6l prepared using the ATRP method. The cloud point shifts of
= . .. .
< L these polymer solutions after exposure to UV and visible light
reached up to values higher than°I®. Their sharp transitions
2+ allowed rapid transformation from clear solutions to turbid states
o . . . along the laser beamline (40-50 mJ), as indicated in Figure 5.
0 2 4 6 8 This linear scattering body was formed after irradiation for 1 s.
Az-unit / NIPAM-unit x 100 We expect that such high accessibility to localized areas in space

Figure 4. Cloud point shifts AT) of polymer solutions-between ~ COUId lead to the creation of new optical devices such as
samples irradiated with UV light and those irradiated with visible tight movable screens for volume scan-type three-dimensional dis-
plotted as a function of the ratio of azobenzene units. plays or optical shutters.

finding suggests that th& isomers of azobenzene units at
polymer termini function as hydrophobic units, with tiZe
isomers having hydrophilicity similar to that of NIPAM units. General. The cloud points of 0.2 wt % polymer solutions in
In fact, cloud point shifts of polyNIPAMs away from 3Z as water heated at a rate of’C/min and the absorption spectra were
a result of end-group effects have been reported: less-polarmeasured using a Hewlett-Packard BWs spectrophotometer
terminal groups decrease the polymer solubility and cloud point, (Agilent 8453) equipped with a Mettler FP90 unit. The sample
while polar terminal groups increase the cloud point; these solution was placed in a handmade flat quartz cell having an optical

effects are most bronounced in low-molecular-weight poly- length of 1 mm. Irradiation was conducted using an Ushio ultrahigh-
12 o P . ght poly pressure mercury arc through a combination of Optima color filters
mersi? Figure 4 displays a plot of the difference between the (WB360 and ZWB2) for 365 nm light (for UV irradiation) and

temperatures for the 50% transition changes after UV and visible using an lon Laser Technology argon ion laser (5500ASL) for 488
light irradiation ATc-s099) as a function of the ratio of  nm light (for vis irradiation). Matrix-assisted laser desorption
azobenzene units. This temperature difference increased linearlyionization time-of-flight mass spectrometry (MALDI-TOF MS) was
upon increasing the ratio of azobenzene units, which is a starkconducted using an Applied Biosystems Voyager-DE pro instrument
contrast to the transition behavior we observed from our previous operated in reflector mode; samples were prepared through deposi-
copolymers¢ For the corresponding copolymer solutions, we tion of methanol solutions of the polymers andcyano-4-

observed the largest value of cloud point shift between the hydoroxycinnamic acidH NMR spectra were measured on Varian

differently irradiated samples at an azobenzene content of 1.5%;Gem'n' TQ’OO with sample dissolved in C.m" DMSO-ds.
Materials. All reagents, unless otherwise noted, were purchased

increasing the azobenzene content above 2% caused a decrease

in AT.. Other aroups have also reported such a dependence o rom Wako Chemicals and used without further purification.
¢ group P p Anhydrous dichloromethane and anhydrous dimethyformamide
the AT. on the azobenzene content. In one case, the azobenzen

: ) . ZENEHMF) were obtained in organic synthesis grade; all others were
concentration range over which a photoinduced cloud point of special gradex99.5%). NIPAM was purified twice by recrys-
change occurred was quite narré¥in another, for a copolymer  tallization from methanol. Tris[2-(dimethylamino)ethylJamine was

of NIPAM and hydroxyethylacryamide partially substituted with  synthesized using a procedure described in the literdture.
azobenzene derivatives, the value Af; increased upon 4,4-Dihydroxyethoxyazobenzene 4,4 -Dihydroxyazobenzene
increasing the azobenzene content, but no valuesTefwere was synthesized from 4-nitropheridl A mixture of 4,4-dihy-
described for polymers having an azobenzene content abovedroxyazobenzene (0.77 g), ethylene carbonate (0.64 g), potassium
3.1 mol %8¢ Our largesA T, (> 10°C) as a response to exposure  carbonate (1.0 g), and DMF (S mL) was stirred at*@for 12 h.

to light is unsurpassed by any previously reported NIPAM-based T1e Mixture was poured into water, and the precipitate was filtered
polymer. We believe that the presence of just one azobenzeneOﬁ' dissolved in THF, and fitered. The THF solution was

it at a sinale termi f h pol its in th trolled concentrated, and the residue recrystallized from methanol to yield
unit at a single terminus of each polymer results in the controlle yellow crystals (0.77 g); mp 264205 °C. H NMR (DMSO-ds,

Te shift; i.e., large photoinduced shifts {0 °C) are possible, . 3 75 (dt, 4H,0 = 4.7, 5.5 Hz, CHCH,OCO), 4.09 (t, 4H,) =

with a linear dependence on the azobenzene content. 4.7 Hz, GH,CH,OH), 4.92 (t, 2H,J = 5.5 Hz, OH), 7.11 (d, 4H,
We have demonstrated that photoisomerization of a single J = 9.0 Hz, ArH), 7.83 (d, 4H,) = 9.0 Hz, ArH).

terminal unit of a polymer can trigger a phase transition of whole  Azobenzene Initiators. 2-Chloropropionyl chloride purchased

polymer chains-in this case, end-functionalized polyNIPAM  from Tokyo Chemical Industry (0.589 g) was added slowly to a

Experimental Section
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solution of 4,4-bis(hydroxyethoxy)azobenzene (0.70 g) and tri- (2) (a) Yamada, N.; Okano, T.; Sakai, H.; Karikusa, F.; Sawasaki, Y.;
ethylamine (0.47 g) in DMF (20 mL). After stirring for 4 h, the Sakurai, Y.Makromol. Chem., Rapid Commut09Q 11, 571-576.

; ; ; ; ; (b) Hirose, M.; Kwon, O. H.; Yamato, M.; Kikuchi, A.; Okano, T.
solution was diluted with dichloromethane and the insoluble matter Biomacromolecule00 1, 377-381. (c) Yamato, M. Kwon, O.

removed by filtration. The solution was concentrated the residue H.: Hirose, M.: Kikuchi, A.- Okano, TJ. Biomed. Mater. Re€001
purified through silica gel column chromatography (EtOAc/H 55 137-140. ” '
Cly, 1:3) to yield 4-(2-hydroxyethoxy)-42-(2-chloropropionyloxy)- (3) (a) Yoshida, R.; Kaneko, Y.; Sakai, K.; Okano, T.; Sakurai, Y.; Bae,
ethoxy)azobenzené\g-Cl, 0.20 g) and 4,4bis(2-(2-chloropropi- Y. H.; Kim, S. W. J. Controlled Releasd994 32, 97-102. (b)
onyloxy)ethoxy)azobenzeng,(0.50 g).Az-Cl: mp 130-131°C. Egml:cl’sllsécéogﬁgge{lsga 5%;253’2%;3 Baudys, M.; Kim, S. W/
IH'NMR (CDCl, 8): 1.71 (d, 3H,J = 7.0 Hz, CHy), 2.06 (broad ontroll 949 59, 287-298.
s, 1H, OH), 4.01 (broad t, 2H, = 4.5 Hz, GH,OH), 4.17 (t, 2H, (4) KIm. 3. aerpe, M. J.; Lyon, L. Adngew. Chem., Int. EE005 44,
J=4.5 Hz, H,CH,OH), 4.29 (t, 2HJ = 4.7 Hz, (H,CH,OCO), (5) (a) Feil, H.; Bae, Y. H.; Feijen, J.; Kim, S. W. Membr. Sci1991,
4.45 (g, 1HJ = 7.0 Hz, GHCICHy), 4.56 (t, 2H,J = 4.7 Hz, CH- 64, 283-294. (b) Yakushiji, T.; Sakai, K.; Kikuchi, A.; Aoyagi, T.;
0OCO), 7.00 (d, 2HJ = 8.9 Hz, ArH), 7.03 (d, 2HJ = 8.9 Hz, Sakurai, Y.; Okano, TAnal. Chem1999 6, 1125-1130.
ArH), 7.88 (d, 4H,J = 8.9 Hz, ArH). 1. 'H NMR (CDCl, 0): (6) (a) Kungwachakun, D.; Irie, MMakromol. Chem., Rapid Commun.
1.72 (d, 6HJ = 6.9 Hz, CH), 4.29 (t, 4H,J = 4.7 Hz, GH,CH,- 1988 9, 243-246. (b) Kuckling, D.; lvanova, I. G.; Adler, H.-J. P.;
_ — Wolff, T. Polymer2002 43, 1813-1820. (c) Sumaru, K.; Kameda,
SCOC)’ 45?0((:]’7231’_] d 649H HE g'lOCLCHsZ, :52 g’74g"J4H 4'_7 M.; Kanamori, T.; Shinbo, TMacromolecule®004 37, 4949-4955.
z, CHy ), 7.01 (d, J=09. z, ArH), 7.87 (d, J= (d) Kroger, R.; Menzel, H.; Hallensleben, M. Macromol. Chem.
9.0 Hz, ArH). _ Phys.1994 195 2291-2298. (€) Menzel, H.; Kroger, R.; Hallensle-
PolyNIPAM. Typical procedure:Az-Cl (24.4 mg) and NIPAM ben, M. L.Macromol. Rep1995 A32 779-787. (f) Desponds, A.;
(0.34 g) were dissolved in DMF (0.75 mL). The solution was purged Freitag, R.Langmuir 2003 19, 6261-6270. (g) Akiyama, H.;
thoroughly with argon and maintained at 20. Tris[2-(dimethy- ggﬂaOk'v N.J. Polym. Sci., Part A: Polym. Cher2004 42, 5200~

la%mlno)etrhyH?T:jne g‘g’?nl') V\ilslelr\]/JI?:Cterc\i,Jntord%gfgsrﬁdL Slf:f?erntsk:on ()] Bourne, H. R.; Meng, E. CScience200Q 289, 733-734.

of copper chloride (6.0 mg) or water (0.19 mL). After the g \1viaczewski, K.; Xia, JChem. Re. 2001, 101, 2921-2990.
suspension had become a homogeneous solution, it was added to(g) Xia, Y.: Yin, X.: Burke, N. A. D.: Stover, H. D. HMacromolecules

the monomer solution under an argon atmosphere. The solutions ~ * 2005 38, 5937-5943.

were stirred fo 4 h at 20°C. The reaction mixture was subjected (10) Chromatography was conducted to remove residual monomers, copper
to column chromatography (4Ds; THF) to remove the copper complexes, and amines. Actually it was effective, but dimethylfor-
complex. The solution of the polymeric material was concentrated, mamide remained in the obtained product. To remove dimethylfor-

- ; : ; mamide reprecipitation process was needed.
a?gCithi(te:tethsvglsscsogsargtxggreomasb poflﬁ{fgiggo $ﬁ;hy| L?rti?i(ca;tigge (11) Fischer, EJ. Phys. Cherl967, 71, 3704-3706. Isomerization ratios
precip p y ) P . were estimated from the absorption spectra at photostationary state
procedure was repeated at least twice for each polymer. The purity upon irradiation with 320 nm (isosbestic point), 365 nm, and 488 nm

was checked using thin layer chromatography, which indicated the light. Irradiation with 320 nm light was performed using a Xe arc
absence of any monomeric fractions. equipped with a monochromator.

(12) (a) Xia, Y.; Burke, N. A. D.; Stover, H. D. Macromolecule2006

Supporting Information Available: H NMR spectra of sample 39, 2275-2283. (b) Kujawa, P.; Segui, F.; Shaban, S.; Diab, C.; Okada,
- . P . Y.; Tanaka, F.; Winnik, M. FMacromolecule006 39, 341-348.

from reaction mixture after polymerization (SFigure 1), MALDI- () Duan, Q. Miura, Y.: Narumi, A.; Shen, X.; Sato, S.: Satoh, T.;
TOF MS of p-1—p-4 (SFigure 2), and plot of transmittance vs Kakuchi, T.J. Polym. Sci., Part A: Polym. Cher2006 44, 1117
temperature op-1 in water (SFigure 3). This material is available 1124.
free of charge via the Internet at http://pubs.acs.org. (13) Ciampolini, M.; Nardi, N.Inorg. Chem.1966 5, 41—44.

(14) Tokuhisa, H.; Yokoyama, M.; Kimura, HBull. Chem. Soc. Jpri996
References and Notes 69, 2123-2130.
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