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Amphiphilic copolymers of hydrophobic Disperse Red 1 acrylate (DR1A) and hydrophilic acrylic acid (AA)
were dissolved in THF and a,@/THF cosolvent series. The thermal cis-to-trans isomerization behavior of
the azo groups was measured by means of flash photolysis to investigate self-assembled structure in solution.
The rate constants observed for the azo-containing polymers permit an estimation of how the thermal
isomerization is influenced by both polymer and solution properties. In pure THF the relaxation was observed
to be the usual monoexponential decay. In mixed agueorganic solvent solutions however, all poly-
(DR1A-co-AA) samples showed a highly unusual biexponential rate decay, with both a slow isomerization
process due to inhibited mobility of the azo groups, and a faster isomerization process for unaggregated azo
groups. In these systems, the relaxation of the cis-isomer was fit well with a biexponential function, which
clearly demonstrates two distinct local chromophore environments. The spectroscopic results of this study
suggest that weakly aggregated states of the amphiphilic polymers in an agoegaisic solution can be

readily studied through the simple technique of isomerization spectroscopy to estimate the fractions of
aggregated groups involved and their local environment.

Introduction (co) (co)

Polymers containing azo aromatic chromophores have at- o on 0% % 0”7 on %%
tracted considerable attention in the past decade due to their
potential application as photoactive materials for optical record- L| H
ing and switching, biosensing, microstructuring and micropat- N(CH,CH,) N(CH,CH, NO,
terning of surfaces, and the development of target-activated
theraputics:® Recently, much interest has been given to the h
reversible photoswitching of chemical or physical properties of —_ . N
molecules, macromolecules, and biopolymers containing azoben- trans N =% hv, A cis
zene groups, which provides a basis for the development of \
future bio-optical device$Key to all of these novel applications
is the readily induced and reversible isomerization between trans
and cis geometric isomers of the azo aromatic group, when o

2

exposed to light near its maximum absorbance. These photo-
chemical isomerizations of azobenzene and its derivatives, asFigure 1. Chemical structure and geometric isomers of poly(DR1A-
well as the thermal back-isomerization occurring under no co-AA) wheren = 0.08, 0.14, 0.26, 0.35, 0.61, 0.71, 0.96, and 1.0.
irradiation, are well-studied phenomehdlllustrated in Figure ) o

1, the trans to cis conversion is photochemically driven, whereas these molecules have been used to determine sequence distribu-
the reconversion to the energetically favored trans isomer cantion in statistical copolymers; free volume distributions in thin

be achieved either photochemically or thermally. Of importance films,*? and structural formation of micelles by block copoly-

to this work, the rates of thermal isomerization in solution are Mers® _ ) _ N

first order, highly reproducible, and have been shown to be very ~ For polymers in solution, or above their glass transition
sensitive to the local environment surrounding the azobenzenetémperature, it was found that the thermal cis-to-trans isomer-

molecule, such as the polarity and pH of the solvent, as well as ization of azobenzenes can always be characterized by first-
ion and polymer concentratidii®11 These high sensitivities  order kinetics:>-*214The only exceptions to first order kinetics

have thus facilitated the use of azobenzene molecules asthus far reported in the literature have been for azobenzenes in
excellent probes of the local polymer environment. For example, the solid (glassy) state, where a portion of the azobenzenes
isomerize anomalously quickly, and this anomaly is attributed
*To whom correspondence should be addressed. E-mail: 0 @ nonuniform distribution of free volume in the glassy state.
christopher.barrett@mecgill.ca. Fax: (514) 39797. For these anomalous solid-state systems the decay curves can
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be fit with either a biexponentidf, a triexponential! or a A4 Plate
continuous distribution of relaxation rates reflecting the ir- I < LU pe—
regularity of the local environment using a Williams-Watts

function® All previous observations of cis-to-trans thermal
relaxations in solution however have been strictly through first

Chopp

er
@ OD 2 Filter
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order (monoexponential) decay, with one exception: Recently, 4% Mirror D
Gille et al'® have reported biexponential rates observed for v
azobenzenes in monitoring the structural formation of block Data
copolymer micelles in aqueous solutions. In their study, Acquisition

b!exponentlal rate.s reerCted. that Isolmerlzatlon hadloccurred IN Figure 2. A schematic of the isomerization spectroscopy experimental
different local environments in the micelle, and provided useful setup used to determine the thermal cis-to-trans relaxation rate behavior
information of local microphase separation. To the best of our of the copolymers in solution.

knowledge however, only monoexponential rates have been
reported to date for dissolved azo small molecules, homopoly-
mers, and statistical copolymers, where only one local environ-

TABLE 1: Copolymer Composition and Polymer Properties
for All Samples Studied

ment would be expected. This report describes a second class_mol % DR1A Amax (NM) MW (g/mol) Ty (°C)
of azo-containing polymers that exhibit unusual nonmono- 8 467 3000 92
exponential thermal relaxation in solution. 14 466 2800 94

One of the most recently prepared classes of azobenzene host %g ig; 2388 gg
polymers (and the one of primary interest to this_ work) is water- 61 469 2500 _
soluble polyelectrolytes, where the electrooptic azo chromo- 71 470 2700 -
phores can be self-assembled onto surfaces from aqueous 96 470 4200 -
solution to act as simple mimics of light-harvesting and light- 100 468 3700 93

responsive biopolymersThe inherent hydrophiliehydrophobic where required, both obtained from Fisher Scientific. The
properties of aliphatic or aromatic-modified polyelectrolytes is aqueous-organic copolymer solutions were adjusted to the
also an appealing route to the study of hydrophobic self- appropriate ion concentrations with NaCl where required, which
association (folding) of complex biopolymers in watet’ As was also obtained from Fisher Scientific. All experiments were
part of an ongoing effort to allow these chromophore-containing performed at pH= 5.5 (no added HCI, NaOH), and without
polymers to be self-assembled onto surfaces from aqueousadded NaCl, unless otherwise stated.

solution, we have recently prepared statistical copolymers of The experimental setup used for the isomerization measure-
azo aromatic monomers with ionic units, specifically Disperse ments is illustrated in Figure 2 and is based on previously
Red 1 acrylate (DR1A) and acrylic acid (AA), whose structure reported methods.13Approximately 3Qul copolymer samples

is detailed in Figure 1. Preliminary characterization of the (dye concentration & 10-* M) dissolved in various bHD/THF
resulting copolymers in agueous solution revealed anomalously mixtures were added to a quartz cuvette (transparent over the
high viscosities, which indirectly suggests a self-assembled range of 375600 nm studied) with an internal path length of
association between polymer chains in water (solution aggrega-3 mm. The cuvette was capped to minimize evaporation of the
tion). A larger-than-expected molecular size was also implied solvent. The irradiation used was a circularly polarized beam
by the results of dynamic light scattering experiments, which of the 488 nm line of an argon laser at 425 mWfcior 1 s.

is the subject of another paper in progr&sshis paper describes The first-order rate constantg&, for a monoexponential
our detailed spectroscopic studies of solutions of these self-relaxation were determined from the time-dependent absorbance
associative copolymers, by isomerizing the azobenzene groupsA; and the absorbandg att = 0 (immediately after pumping),

to confirm solution aggregation through the unusual non- andA. for infinite time (complete relaxation back to trans), by
monoexponential relaxation of the azo chromophores. Further-the usual data analysis techniqd&ss using the equation

more, the interesting phase behavior displayed by these polymers

can be probed quantitatively through the simple technique of (A = A) = (A = Ag) exp(TkD) @
isomerization spectroscopy, as a function of solvent quality and  |n cases where the data showed deviations from first-order
hydrophilic-hydrophobic group ratio. kinetics, the experimenta relaxation curves were fit to the

biexponential equation with 4 fitting parameté?s,
(A, — A) = Aexp(ky) + B exp(-kyt) )

Similar to first-order kineticsA. andA; are the absorbance at
infinite time and at time after the pump beam is switched off.

Milli-Q system to 18 M2 resistivity, and mixed solvent systems A andB are coefficients and the normalization of these values
' are the relative weights associated with the processes having

of H,O/THF in various ratios were prepared by volume. A series h q el dual olot of th
of copolymers based on monomers Disperse Red 1 acrylatelNn€ rate constants andk,, respectively. A residual plot of the
difference between and a least-squares fit demonstrated ap-

(DR1A) and acrylic acid (AA), having the structure shown in - 8 St
propriateness of biexponential fitting. At least four pump/probe

Figure 1, was obtained by free radical polymerization. The qf h soluti 4 th Vsis |
synthesis and characterization of these copolymers have beerfUNs Were repeated for each solution and the error analysis Is
based on the standard deviation of these runs to estimate the

reported elsewhere and a summary of the relevant properties ; . - o
of this copolymer series is listed in Tablé&The copolymers experimental uncertainty of the determined fitting parameters.
were dried in a vacuum oven at 8& for 12 h prior to use.
The entire copolymer series was soluble up to th©HHF

v/v ratio of 1/4 used, and the pH of the filtered aqueous solutions  The acrylic acid portion of the copolymer has good solubility
was adjusted (from pk= 3 to pH= 11) with HCI and NaOH in both water and THF, but the aromatic DR1A group is

Experimental Section

Spectroscopic grade tetrahydrofuran (THF) was purchased
from Fisher Scientific and was distilled in order to remove all
traces of water. Distilled water was filtered with a Millipore

Results and Discussion
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Figure 3. Absorbance spectra of poly(DR1#6-AA) with 26% DR1A Figure 4. Typical time evolution for the absorbance of a poly(DR1A-
structural units observed with an increase of solvent polarity, by adding co-AA) solution during flash photolysis.

HO to THF. . i aci
on a series of terpolymers composed of acrylic acid, methacryl-

insoluble in water and exhibits good solubility only in organic amide, and a hydrophobic monomer. Their study demonstrated
solvents such as THF and ether. THF solutions of poly(DR1A- the effects of environmental stimuli on the associating behavior
co-AA) can be characterized by an absorption spectrum with of the copolymers which incorporate comonomers with hydro-
an intenser—r* transition centered at 468 2 nm. Absorption philicity and pH responsiveness. In our studies, similar molecular
spectra for the copolymer containing 26 mol % DR1A monomer interactions appear to induce the formation of self-assembled
at various solvent ratios of #/THF are shown in Figure 3.  aggregates which distort the U\Wis spectra and complicate
These spectra show a shift bfax to longer wavelengths from  the thermal cis-to-trans relaxation process. In this study, we are
470 to 482 nm with an increase in v/v ratio of®/THF from suggesting a simple and viable method to verify aggregate
0% to 50% HO, respectively. The red shift can be rationalized formation through measurements of isomerization rates for azo-
by a simple solvatochromic effect, which gives rise to such a containing polymers in organic and aqueeosganic mixtures,
shift in the absorption spectrum with gradual introduction of and to estimate relative populations of the chromophores
the more polar solvent. As suggested by RddR1 can be involved.

classified as pseudo-stilbene type azobenzene molecule based We have investigated the thermal cis-to-trans isomerization
on spectroscopic and photochemical characteristics. Thesen solution of the poly(DR1Ac0-AA) copolymer series with
molecules contain electron-donating and electron-acceptingvariable azo content. In these experiments the solvent ratio of

(“push—pull”) groups that effectively increase the energy of the
N=N z-bonding orbital and lower the energy of the-

antibonding orbital, thus lowering the overall energy of the
m—* transition. Polar solvents would be expected to stabilize
the zwitterionic form of the molecule and contribute to the

H,O/THF was varied in order to analyze the effects of solvent
quality on the kinetics of isomerization of DR1A in the
copolymer series. Both the azo content and tb®/MHF solvent
ratio were found to display a strong influence on the isomer-
ization, in contrast to the effects of varying either the salt or

observed red shift. polymer concentration, or the solution pH (as discussed at the
Severallmax absorption studies using UWis spectroscopy  end of this section). Figure 4 illustrates a typical isomerization
have demonstrated the tendency of some azo aromatic chro-curve observed for the poly(DR1&a-AA) copolymer with 26
mophores to form aggregates in the presence of Waf&in mol % DR1A in THF. At the beginning of an experiment, the
these studies, aggregate formation of azobenzene phospholipidazo compound exists entirely in the energetically favored trans
and small azo molecules in aqueous dispersions was attributedstate. When the pumping beam is turned on (as indicated at
to dipole—dipole interactions of the azo compound and shown 1 s in Figure 4), isomerization is induced until the equilibrium
by either a red or a blue shift of the absorption maximum with photostationary state of both cis and trans is reached, and the
increasing concentration of the chromophore. A marginal shift net absorbance decreases due to the lower extinction coefficient
in the absorption maximum for the copolymers described here of the cis form at 488 nm. Once the pumping beam is turned
was observed, although it cannot be concluded that it arisesoff, the azo compound thermally isomerizes back to the trans
from contributions other than solvatochromic effects. However, isomer. The reactions are completely reversible on subsequent
in addition to a red shift, a significant band broadening for the flashes.
copolymers with increasing solvent polarity was observed. For the isomerization of DR1A contained in the copolymer
Duhamel et af! have employed fluorescence probe spec- series dissolved in pure THF (a good solvent for both groups),
troscopy to investigate the association between polymer systemshe relaxation can be fit using a monoexponential rate constant
composed of a water-soluble backbone onto which hydrophobic and is thus first order, confirming an equivalent local environ-
chromophores have been attached. These measurements weraent for each azo group. A typical linear first-order rate plot
carried out in organic and aqueous solutions of poly(ethylene for the copolymer poly(DR1As0-AA) containing 26 mol %
glycol)s made of a central chain spanning two pyrene labels DR1A structural units in pure THF is presented in Figure 5.
with extended chains of various lengths. To minimize their Because copolymers in this series differ only in mol % of DR1A
contact with water, the hydrophobic pyrene segments of the incorporated (ie: they have similatma, MW, and Tg), a
polymer appear to associate with each other. These molecularcomparison between rate constants across cosolvent composition
interactions result in fluorescence decays which could not be can reasonably be made, and should reflect only the influence

explained within the theoretical framework of the classic Birks’
scheme. Also using similar amphiphilic polymers to the work
reported here, McCormick et & have examined the effects of

microblock hydrophobicity on interpolymer association behavior

of the solvent environment on the isomerization rates (and hence
possible aggregation) of the copolymers. In pure THF, the first

order rate constant was observed to be fairly constant for all

copolymers in the series averaging 14.s
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Figure 5. Monoexponential analysis of thermal isomerization spectra
of poly(DR1A-co-AA) containing 26 mol % DR1A units in THF, to
demonstrate a first-order relaxation.
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Figure 6. The decay of cis isomer fit to biexponential kinetics of
poly(DR1A-co-AA) containing 26 mol % DR1A structural units in a
5% H,O/THF solution. The inset is the residual plot between our least-
squares four-parameter fit and the data.

The addition of even a small quantity of,8 to the THF
however, yielded distinctly nonmonoexponential rate behavior,
which is highly unusual for azobenzene chromophores in
solution. We observed that for copolymers of poly(DR&&-
AA) in H,O/THF solutions, the decay of the cis isomer could
not be fit with the monoexponential function (1), but instead
by the biexponential function (2), as illustrated in Figure 6. Also
illustrated in Figure 6 is a residual plot (inset), which confirms

the appropriateness and sufficiency of a biexponential model.

A biexponential model suggests two distinct local environments
involved in the thermal cis-to-trans isomerization, with one
portion of DR1A converting much more quickly and the
remainder isomerizing more slow#{-12 This rate of the slow
processky) is fairly constant over the whole range of composi-
tions, while the rate of the fast componem,)(decreases
significantly with the mol % DR1A content present in the

Norman and Barrett

25
< 20 ——k,
0 ——k,
c |
515
7]
s
o 10 h
5
€ 5
0 v v r r v
0 20 40 60 80 100

mol% DR1A in copolymer

Figure 7. Biexponential rate constants obtained versus mol % DR1A
structural units for copolymers poly(DR1&6-AA) in a 5% HO/THF
solution.
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Figure 8. Rate constant versus %,8 in a HO/THF solution of
copolymers poly(DR1Aco-AA) containing 26 mol % DR1A structural

units.

TABLE 2: Rate Constants and Amplitude Results from
cis Relaxation Analysis of Poly(DR1Aeoc-AA) in a 5%
Aqueous—Organic Solution

mol % DR1A  ki(s}) A ko (S7Y) B
8 19.0+£4.0 0.61+:0.19 3.0£0.8 0.34£0.31
14 16.4+ 3.2 0.66£0.02 2.7£0.9 0.34+0.04
26 10.9+15 0.83+£0.09 1.0+0.3 0.17+:0.08
35 7.3+09 0.73£0.02 1.3+0.3 0.27+0.03
61 8.0+1.2 0.30+£0.02 19+01 0.70+£0.01
71 8.4+0.6 0.63+£0.01 1.5+0.2 0.37£0.03
96 55+ 08 0.32£0.04 18+0.1 0.68+0.03
100 43+ 0.3 0.74£0.02 1.2+0.1 0.26+0.03

where the results observed with increasing water content are in
fact a summation of the absorbances of chromophores in each
of the two states, aggregated and unaggregated.

Since water is a poor solvent for DR1A, the deviations from
first-order kinetics in HO/THF mixtures are likely a conse-
guence of an aggregate formation through hydrophobic molec-
ular interactions, as the polymers lower their energy by folding

copolymer, approaching the rate of isomerization observed for the hydrophobic groups away from the polar solvent. These
the pDR1A homopolymer. Figure 7 and Table 2 show the results hydrophobic associations give rise to a reduced mobility of the

of thermal isomerization of DR1A in the copolymer series
dissolved in a 5% BLO/THF solution. Also listed in Table 2
are the amplitude& andB associated with each process of fast
and slow isomerization, respectively. The comparison of the
weight contributionsA andB, to each rate is not straightforward.

side chain and a significantly different local solvent environ-
ment, which accounts for the slower isomerization. The local
solvent environment of the fast component is more polar
compared to that experienced by the aggregated azo groups,
and accordingly a more rapid cis-to-trans thermal isomerization

While these results exhibit more scatter than the determinedis observed. Furthermore, the fast rate component increases
rate constants, it is evident that there are significant contributing strongly with the HO content in the cosolvent consistent with
populations to each rate for each sample. Furthermore, this two-solvatochromic effects indicated by increasing wavelengths of
state implication would also serve to rationalize the absorbanceabsorption maxima of the trans isomers. Figure 8 shows the
band broadening (Figure 3) observed for the copolymer series,two rate constants of thermal isomerization observed with
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Conclusion
Rate constants of the thermal cis-to-trans isomerization of
DR1A in HO/THF solutions of random copolymers of poly-
(DR1A-co-AA) determined by means of flash photolysis show
+H,0 an unusual biexponential thermal relaxation of the cis isomer.
E— This strongly suggests different local chromophore environments

results of this study demonstrate the utility of isomerization

spectroscopy in determining the microstructure of amphiphilic

H,OITHF polymer solutions, which can assist in rationalizing macroscopic

Figure 9. Suggested self-assembled aggregation behavior of am- properties of copolymer organization in solution. Future work

phiphilic copolymers studied in aqueotsrganic solution, determined ~ With these polymer systems will focus on using light scattering
from isomerization rate analysis. as a parallel technique to investigate the aggregation behavior,

and to explore a reversible control over the aggregation using
increasing solvent polarity for poly(DR1A8-AA) containing laser light.
26 mol % DR1A. Since only the fast rate component markedly
increased with the solvent polarity, this indicates a substantial
change in solvent conditions for only one of the two environ-

} due to a self-assembled aggregation of the hydrophobic groups,
an effect difficult to measure directly by other methods. The
THF

Acknowledgment. The authors are grateful to Dr. N. Ahmad
for preparing the copolymers used, and to K. Yager for

ments of the chromophores, which we interpret with the model electronics assistance. Funding for this project was provided

illustrated in Figure 9. Likewise, all the copolymers investigated by McGill University and NSERC Canada.

demonstrated similar behavior to that illustrated in Figure 8. References and Notes

These |somer.|zat|on results clearly suggest tvx{o distinct environ- (1) Delaire, J. A.: Nakatani, KChem. Re. 200Q 100, 1817.
ments experienced by the chromophore in all copolymer (2) Natansohn, A.; Rochon, Rdv. Mater. 1999 11, 1387.
compositions, only one of which appears to significantly (3) Willner, 1.; Rubin, SAngew. Chem., Int. Ed. Engl996 35, 367.
experience the cosolvent environment enough to display sol-lggé“)lo%ai';é'g-? Andrele, K.; Fuhramann, T.; WendorfJJPhys. Chem.
vatochrqm|C|ty. quth_ermore, this * solution” ra'.[e component (5) Carter, F L.; Schultz, A.; Duckworth, D. IMolecular Electronic
of the biexponential is the faster of the two with the slower Devices Ii; Carter, F. L., Ed.; Marcel Dekker: New York, 1987; p 183.
rate constant being more similar to that usually observed in the 516%,403\/6‘“0’ P.; Adriano, F.; Angelini, N.; Lenci, Acc. Chem. Res
solid stat.el. Thls.behawor can be rauonahzgd by the interchain (7) Wiliner, 1. Acc. Chem. Red.997, 30, 347.

aggregation depicted, where the azo aromatic groups haV? folded (g) Rau, H. inPhotochemistry and PhotophysidRabek, J. F., Ed.;
out of solution to behave more like solid state photoswitches, CRC Press: Boca Raton, FL, 1990; Vol. 2, p 119.

and are thus largely indifferent to the solvent environment. 197g9233K%3%>135hi' T.; Degenkolb, E.; Rentzepis, P. M.Phys. Chem.

Isomerization rate constantg) of this ‘solid’ component would (10) Paik, C. S.; Morawetz, HMacromolecules972 5, 171.
then be expected to be largely independent of solvent polarity, (11) Barrett, C. J.; Natansohn, A.; Rochon,acromoleculesl994
as observed. 27, 4781.

. . . . (12) Eisenbach, C. DMakromol. Chem1978 179, 2489.
As discussed earlier, we also investigated the dependence of (13) Gille, K.; Knoll, H.; Rittig, F.; Fleischer, G.; Karger, Dangmuir

the rate constant&{ k,) and weightsA, B) of the biexponential 1999 15, 1059.

isomerization on ionic strength, pH, and polymer concentration. ~ (14) Kumar, G.; Neckers, DChem. Re. 1989 89, 1915.

No significant change in the rate behavior was observed when Chglnsq).l\gggsfgei' gl'ggmo”'e“" M.; Boeffel, C.; Spiess, H. Wakromol.
the ionic strength was increased (as testedaut M NaCl), (16) Nelson, J. C.; Saven, J. G.; Moore, J. S.; Wolynes, FSd&nce
nor was there any significant change in these four fitting 1997 277, 1793.

constants observed over a wide pH range, after adding HCI or  (17) Esquenet, C.; Buhler, Bacromolecule2001, 34, 5287.
NaOH (as tested from pk 3 to pH= 11). Last, the complex put()}ig)atgwnad’ N.; Norman, L. L.; Barrett, C. J. To be submitted for
rate behavior was similarly observed to be insensitive to = (19) Song, X.; Perlstein, J.; Whitten, D. G. Am. Chem. Sod 997,
increasing or decreasing the polymer concentration by 1 order119 9144. _

of magnitude. The isomerization behavior thus appears to (2% Buwalda, R.T.; Jonker, J. M.; Engberts, J. B. FLAhgmuir1999
depend only on the fraction of hydrophobic units in the polymer 21y ee, s.; Duhamel, Macromolecule<998 31, 9193.

and on the HO/THF cosolvent ratio. (22) Smith, G. L.; McCormick, C. LMacromolecule001, 34 5579.



