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Abstract: Photophysical measurements have been used to characterize a series of well-defined block copolymers
labeled with aromatic chromophores and quenchers. These include measurements of (1) energy migration kinetics
in the homopolymers and diblock copolymers; (2) solvent effectsGHTHF, THF/CHCN and CHCY) on exciplex
emission in the diblock copolymers; (3) temperature effects on the fluorescence and phosphorescence of the diblock
copolymers; (4) the dependence of the efficiency of steady-state and time-resolved emission in several triblock
copolymers (dicyanobenzere)phenanthreng)-(dimethylaniliney on relay lengthif); and (5) transient absorbance

and photoinduced charge separation in these triblock copolymers as a function of relay length. A photoinduced
charge separation of 7% was achieved in a polynorbornyl triblock copolymer bearing a graded series of electron
transfer relays: (dicyanobenzegejphenanthrengy—(dimethylaniline.

Introduction Electron hopping through the block can then lead to substantial
spatial separation of the newly formed counterions. By varying
the conditions (temperature and solvent) under which the
polymers are excited, specific excited states can be accessed.
The polymers described in this paper have the following
general structure, where D designates an electron donor, A an

A common characteristic of photosynthesis and optoelectronic
devices is the light-induced production of a charge-separated
ion pairl2 A substantial effort has been made to study this
process because it is a key step in catalyzing organic redox

reaptlcl)né and |2%cpc\>nvertmg qugnt “gﬂt Lnto electncall O " electron acceptor, and R an electron transfer relay which, upon
optical responses. Attempts to mimic such charge separations o, osqexcitation, shuttles energy or electrons between D and A.
in molecular assemblies bearing photosensitizers and electron

transfer quenchers have met with impressive suctéssAn

inherent limitation, however, in achieving long-lived charge P'\T”"'-Q...m - Q"M‘mﬁ‘“‘" _____ Q"‘“‘%Ph

separation in such low molecular weight models is that rapid

back electron transfer often takes place as a consequence of o_ o oo vy o 4

the typically small spatial separation between the attached donor %CHS R)@CH )/

and acceptor. 8
An alternative approach to this problem is to use extended

block copolymers bearing photoactive groups and redox relays.

Substituted polynorbornenes produced by ring-opening meta-

thesis polymerization (ROMP) have rigid backbones onto which

can be assembled a series of chromophores and quencher$hese groups are positioned so as to provide a directional redox

suitable to induce long-distance photoinduced electron transfer.gradient for the desired electron transfer between the component

With these molecules, we are able to study energy migration to blocks. The subscripts y, andz, which define the number of

the block interfaces where electron transfer produces an ion pair.repeat units in each block, can be varied to control the distance
between the donor and acceptor blocks. Unidirectionality of

",
%,

0,
A “cH,

e transfer

E(Donor) > E,(Relay) > Ej(Acceptor)
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Ila, S = 2-naphthyl

IIb, S = 3-phenanthryl
Ilc, S = 2-anthryl
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Ola, A = 2-naphlhyl, D = 3-(N,N-dimethylanilino), R = CH3
IIb, A = 3-phenanthryl, D = 3-(N,N-dimethylanilino), R = CH3
IlIc, A =2-anthryl, D = 3-(N,N-dimethylanilino), R = CH3
IIId, A = 2,5-dicyanophenyl, D = 3-phenanthryl, R = H

e

™

ottt

CH3

IVa: A=2,5-dicyanophenyl, x=5, R=3-phenanthryl, y=10, D=3-(N,N-dimethylanilino), z= 5
IVb: A=2,5-dicyanophenyl, x=5, R=3-phenanthryl, y=5, D=3-(N,N-dimethylanilino), z= 5
IVc: A=2,5-dicyanophenyl, x=5, R=3-phenanthryl, y=2, D=3-(N,N-dimethylanilino), z= 5
IVd: A=2,5-dicyanophenyl, x=5, R=3-phenanthryl, y=1, D=3-(N,N-dimethylanilino), z= 5

pendent chromophores. Block copolyméis are required in
order to observe energy migration to the block interface,
ultimately producing exciplex emission. An initial block of
redox inactive polymer derived from the ketal of acetophenone
in copolymerdll had no effect on the observed photophysics,
but instead improved block copolymer monodispersity. This
initial block allows us to focus on the effect of variation of
chain length in the photoactive segment by minimizing the
synthetic importance of the ROMP initiation stép. By
comparing copolymer8l , bearing a single electron donor D
and an electron acceptor pair A with copolymBrscontaining

a third absorptive relay spacer R of variable length between
the D and A blocks, we were able to show that exciplex emission
occurred by exciton migration to the interface, rather than by
polymer folding?® In this paper, we thoroughly describe the
photophysical properties of a complete family of block copoly-
merslll andlV. Photophysical measurements of the following
five types were made: (1) energy migration kinetics; (2) solvent
effects on exciplex emission il ; (3) temperature effects on
fluorescence and phosphorescence emissidh jr{4) steady-
state and time-resolved emissionIwi as a function of relay
length; and (5) spectral monitoring of transient absorption and
photoinduced charge separationli as a function of relay
length.

Experimental Section

Materials. Spectrophotometric grade methylene chloride {Clp),
tetrahydrofuran (THF), and acetonitrile (§EN) were used as received
for fluorimetry. Chloroform (CHGJ) was purchased as spectrophoto-
metric grade and stored over anhydrou€R; prior to use. 2-Meth-
yltetrahydrofuran (MTHF) was heated to reflux over sodium and
fractionally distilled immediately before use. The syntheses of all
polymers used in the photophysical studies were reported previtusly.

Fluorescence Spectra. Emission and excitation spectra were
recorded at 23C in CH,Cl,, THF, CHCN, or CHCE, or at 77 K in
a MTHF glass, by using a SLM Aminco SPF 500 spectrofluorimeter.
All solutions were deoxygenated by bubbling with nitrogen and had
OD < 0.10 in a 1-cm cuvette, unless otherwise noted. The emission
spectra were measured in the ratio mode (to correct for variations in
lamp intensity with time). Delayed fluorescence and phosphorescence
spectra were recorded with a phosphoroscope attachment that uses light
baffles and a variable-speed chopper {@ 000 rpm). SternVVolmer
guenching constants were measured by monitoring the decrease in
fluorescence intensity at the emission maximum upon adding carbon
tetrachloride.

Temperature-Dependent Spectra. All temperature-dependent spec-
tra were measured in deoxygenated MTHF cooled to a glass in liquid
nitrogen at 77 K. In this work, an air-saturated solution of polymer in
MTHF was bubble degassed with nitrogen prior to cooling to 77 K.
To prevent light scattering of the excitation wavelength from the low-
temperature Dewar flask, a 350-nm cutoff filter was inserted at the
front of the emission monochromator.

Fluorescence Lifetimes. Fluorescence decays were recorded via
time-correlated single-photon countiffy. The light source was a
Photochemical Research Associates (PRA) Model 510B thyratron-gated
flash lamp operated at 20 kHz, 5 kV, and 0.5 atm of air. The flash
lamp had a full width at half-maximum of ca. 4 ns. The excitation
wavelength was selected with two Jobin-Yvon monochromators.

Transient Absorption Spectra. Flash photolysis studies were made
with a Q-switched, frequency-tripled (= 355 nm, 30 mJ) Quantel
YG481 Nd:YAG laser (pulse width 12 ns). A right-angle geometry
was used to obtain transient absorption signals from a 1-cm cell with
solutions of OD= 0.2—-0.4. An averaging procedure was used to
increase the signal-to-noise ratio in which the signals from 30 laser
pulses were averaged for each absorption decay measurement. The
formation and decay of transients were monitored by optical absorption

(20) O'Connor, D. V., Phillips, D., Edslime-correlated Single Photon
Counting Academic Press: New York, 1984.
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spectroscopy, with spectra being recorded at each wavelength emitted 1.0 -
by a pulsed high-intensity Xe arc lamp (150-W probe). The spectra L
were obtained by recording the absorbance changes at 5- or 10-nm 08
increments with five to seven laser pulses being averaged at each
wavelength on in-house software at the Center for Fast Kinetics
Research.
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Results and Discussion 041

A. Energy Migration in Homopolymers Il and Block
Copolymers lll. The intramolecular hopping of electronic
excitation energy along a consecutive chain of light-absorbing ool o v o
chromophores is known as energy migrat®nin our block T 40 120 200 280 360 ns
copolymers, such transfers are useful for transporting light
absorbed anywhere along the block to an adjacent block bearing
one or more pendent quenchers. At the interface between the
blocks, excited-state electron transfer can take place to produce
either a charge-stabilized exciplex or a charge-separated ion
pair6

Experimentally, energy hopping can be studied in two ways:
directly, by fitting the rise times obtained from time-resolved
exciplex emission measurements of the labeled diblock copoly-
mers bearing suitable chromophores and quendiiensjndi-
rectly, by comparing rates of SteriVolmer fluorescence
quenching of the corresponding homopolymers, where no
excimer or exciplex emission can be sé&rlhe time-resolved
emission of the monomera—c and the corresponding ho-
mopolymerslla —c displayed single exponential decay curves
with excited-state lifetimes of 8.2, 16, and 4.2 ns, respec-
tively.1314 The block copolymerslla —d were analyzed for
energy hopping by each of these methods.

Direct measurement of the time-resolved decay of intermo-
lecular exciplexes between poly(vinylarenes) and dimethyl-
aniline shows an initial growth (rise), followed by an exponential
decay!® The rise component is indicative of rapid singlet- 0.2} }

021+

—_

Counts

Counts

excited-state energy migration from the initial site of photoex- -
citation to the site where exciplex or excimer formation takes 0.01+v T
place!® In Figure 1 are shown the time-resolved emission 0.50 1.50 '2'50
spectra ofllla —llic . These curves were obtained by exciting Time (ns)

Il at the indicated excitation wavelength,) and by monitor- Figure 1. Time-resolved emission rise times as 1® solutions in
ing the emission at the maximumicf) of the intramolecular ~ THF: (A) llla atdem = 430 nm,Aex = 284 nm,7 = 7.0 ns; (B)lllb
exciplex emission observed in steady-state measurements. Th@tAem= 460 nmLex= 355 nm,z = 8.3 ns; and (C)lic. atdem = 520
rise times for the exciplex emissions frdita andlllb could nm, Zex = 355 nm,z = 0.27 ns.

be observed easily on a time scale of several nanoseconds, butaple 1. Rise Times for Exciplex, Rates of Exciplex Formation,
that forllic could not be observed on a nanosecond laser. We and Distances between Chromophoresllit

therefore assume that energy migration takes place in less than rate of Ry Forster

1 ns, probably because of the short lifetime of the anthracene . exciplex energy  radius for distance between
singlet excited state. On this shorter time scale, small discon- diblock  risetime  migration self-transfer chromophores
tinuities in the decay curve are amplified significantly. Hence, copolymer (ns) @0.1) (s%) x 10® (A) £01A (A)+0.1A

—

L i

3.50 450 ns

lllc shows a small residual as part of its decay. la 7.0 1.4 7.3 7.2
The singlet energy migration rates liha —c were obtained lib 8.3 1.2 8.8 7.9
by fitting the curves to the functiokft) = Sa exp(—/z;).X° From Iiic <1 37 22 14

the resulting fits listed in column one of Table 1, the initial rise 2 The transient emission spectra were measured in degassed THF as
time t is assigned as needed for formation of an intramolecular 10 M solutions at room temperature. The fitted rise times from these

exciplex. This value is then used to obtain the rate of energy transients were used for the calculation of the reported data.
migration required to produce the observed exciplex. The fitted o 3 . . )
lifetimes of the rise, along with the rates of exciplex formation, Chromophores is given by eq Lin which 7 is the singlet-
are summarized in Table 1. The rates of exciplex formation

thus obtained are comparable to those available in the literature 7,= 7(RIRy)° (1)
for analogous systemg. The migration rate fotlic is more
than an order of magnitude faster than thoseller andliib . excited state lifetime of the pendent chromophoiRss the

Additional information can be obtained from the rise time in  distance between adjacent chromophores,Ryid the Foster
copolymerdll if we assume a Fster mechanism for the energy  radius separating like chromophofés.The results of these
migration” For example, the time required for energy hopping calculations, given in the last column of Table 1, show the
between adj_acent chromophores can be used to obtain a distance (21) Webber, S. EChem. Re. 1990 90, 1469~ 1482,
between adjacent chromophores along the polymer backbone.  (22) Turro, N.Modern Molecular Photochemistryniversity Science
The time constant for energy hopping,) between adjacent  Books: Mill Valley, CA, 1991.
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Figure 2. Time-resolved emission decay curvelbfl atiem = 460
nm, lex = 355 nm, with biexponential fit:z; = 2.4 ns,7, = 18 ns.

Table 2. Excitation Diffusion LengthsAs) from Stern-Volmer
Fluorescence Quenching of Homopolymées—c and Their
Corresponding Monomers

polymer/monomer kg (M™Y)  1°(ns) AJDE  As(R)
lla 2700 8.2 1.5 56
la 2400 8.2
IIb 200 16 2.0 97
Ib 100 16
lic 300 4.2 0.25 18
Ic 400 4.2

a Calculated from the slope of a Steriolmer quenching (CG)
plot. b Lifetimes determined from single photon counting experiments,
using the fit obtained from a single exponential decay curve. Emission
measured in degassed THF as a®1® solution. ¢ Calculated using
eq 3.

greatest distance between chromophores to be encountered i
the anthracene-containing polyméic , 14 A.
In contrast tdlla —c, llld shows no rise in emission intensity.

J. Am. Chem. Soc., Vol. 118, No. 18434DP6
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Figure 3. Fluorescence spectra fa (1075 M) in (A) CH.Cly, (B)

THF, (C) THF/CHCN (2:1), and (D) CHG Aex = 284 nm.

diffusion between segments of polymer is negligibleThus,
nonzero values o\¢JD establish only the operation of energy
migration, but of no quantitative rate. Ratios Af/D greater
than unity reflect directional energy migration over an excitation
diffusion distanceAs (based on a one-dimensional random
walk).2! Agis then obtained by inserting the appropriate values
into eq 4, wherey is the intrinsic lifetime of the singlet excited
state.

L= (2Lgy)™? (4)
n

Table 2 lists values oA¢J/D greater than unity fofla and
IIb, indicating that energy migration in these two polymers is

Instead, the observed transient decays smoothly by a biexpo-significant and spans relatively large distances (56 and 97 A,
nential with decay times of 2.4 and 18 ns, respectively, Figure respectively). Fotlc, AJD is less than 1: as a consequence,
2. We assign the 2.4-ns component to energy migration/ energy migration is relatively inefficient, progressing over only

exciplex formation, which is parallel to that observedlia —
c. Because we observe fraiffid steady-state exciplex emission
at a level greater than the 10% intensity expected from
stoichiometric interactions taking place only at the interfice,
we know that energy migration must take place. The lack of a
resolvable rise time is therefore indicative of very fast (sub-
nanosecond) energy migration to the block interface. Hence,
energy migration rates could not be analyzetloh in the same
way as forllla —c.

An indirect method for the analysis of energy migration in

about 18 A before decay.

B. Solvent Effects on Emission and lon Pair Formation
in Copolymers Ill. An important perturbation of observable
polymer photophysics is the influence of solvent. It is well
established that polar solvents stabilize polar intermediates,
especially for D-A ion pairs whose stabilities are governed by
the energy gap law and whose energetics lie in the Marcus
inverted region (for exciplexes with large charge separafidn).
More specifically, polar solvents have the potential to partially
solvate, or even completely dissociate, exciplexes. Since we

end-labeled polymers has been described by Webber and coultimately wish to produce solvent-separated ion pairs with

workers!® By comparing the rates of StertVolmer quenching

of chromophore-labeled homopolymerdia(—c) and their
respective monomersa(—c, eq 2), energy migration rates and
excitation diffusion lengths were obtained, Table 2, using
equations derived previously. The quenching rate is obtained
from the Stera-Volmer equation, eq 2% in which kg is the rate

lflo =1+ ky7lQl @)

positive and negative charges physically separated by long
distances, we have examined the effect of increasing solvent
polarity on the excited-state propertieslda —d. The fluo-
rescence spectra tifa —d in a series of solvents are overlaid

in Figures 3-6. (A mixed solvent THF/CKCN was employed
because of the limited solubility of the polymers.) The intensities
of the long-wavelength emissions (at 49800 nm) assigned

to exciplex decrease as the solvent polarity is increased, Table
3. Because THFR' = 4.0) is more polar than Ci€l, (P' =

constant for quenching of the singlet excited state by an external3 123 the fraction of the observed total emission attributable

quencher (carbon tetrachloride) (Q) angis the lifetime of

to exciplex in THF decreases by 17%, 3%, and 15% respectively

the singlet excited state in the absence of Q. This rate constantor |i1a, Illb , and Illld from that observed in C)Cl,. By

is then inserted into eq B,in which Aq is the singlet energy
ASID — (kqpolymer_ (1/2)kqmonome)/(1/2)kqmonomer (3)

migration rateD is the diffusion constant of the quencher (Q),
andk, are the quenching rates for the polymer and monomer
determined from the SterrfVolmer treatment. In the derivation
of eq 3, it was assumed thai = 0 for the monomer and that

mixing THF with CHCN (P’ = 5.8) in a 1:1 ratio, the exciplex
emission intensity decreased even further (by 38%, 19%, and
45%, respectively). Further attempts to suppress exciplex
emission by adding larger quantities of gEN resulted only

(23) Snyder, L. RPrinciples of Adsorption Chromatographivarcel
Dekker, Inc.: New York, 1968. (NoteP’ is defined as a relative measure
of the degree of interaction of the solvent with various polar test solutes.
P increases with increasing solvent polarity.)



4348 J. Am. Chem. Soc., Vol. 118, No. 18, 1996

Intensity
(artitrary units)

)
400

600 nm
wavelength (nm)

Figure 4. Fluorescence spectra tfb (1075 M) in (A) CH.Cl,, (B)
THF, (C) THF/CHCN (2:1), and (D) CHG} Aex = 335 nm.
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Figure 5. Fluorescence spectra tfc (10°° M) in (A) CH.Cly, (B)
THF, (C) THF/CHCN (2:1), and (D) CHG) Aex = 355 nm.
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Figure 6. Fluorescence spectra bfd (1075 M) in (A) CH.Cly, (B)
THF, (C) THF/CHCN (2:1), and (D) CHG Aex = 355 nm.

in precipitation of the polymer. Such insolubility is inevitable
because of the incompatibility of the nonpolar polymer backbone
with very polar solvents.

Whether the suppression of exciplex emission could be
correlated with ion pair formation was probed by transient

absorption measurements. Transient absorption of the radical

ion pair produced by flash excitation of these block copolymers
Il in THF was sought by monitoring at the following
wavelengths:Illa at that for the naphthalene radical anion
(755-840 nm);llib,d at that for the phenanthrene radical anion
(450 and 850 nm)jlic at the wavelength reported for the
anthracene radical anion (65800 nm);llla —c at that for the
dimethylaniline radical cation (475 nm); antdd at that for

Watkins and Fox

Table 3. Solvent Effects on the Relative Integrated Intensities of
Exciplex Emissiof® in Copolymersllla —c

diblock copolymer CHCI, THF THF/CHCN(1:1) CHC}
Ila 1.0 0.83 0.62 0.00
b 1.0 0.97 0.81 0.10
llic 1.0 0.85 0.55 0.15
ld 1.0 0.97 0.55 0.93

aNormalized to the intensity observed in g, P Emission
measured in THF as a 19M solution.

the dicyanobenzene radical anion (344 #f)}owever, such
studies yielded no evidence for production of the charge-
separated ions in the block copolymdis. Presumably, either

the low-energy exciplex inlll acts as a trap, inhibiting
photoinduced charge separation, or rapid back electron transfer
at a single interface quenches potential ion pair formation. The
polar solvents apparently provide a pathway for exciplex
relaxation without stabilizing the interface-confined radical ions
on the nanosecond time scale.

A dramatic change in the emission spectrdltz andlllb
is observed in CHGI(P' = 4.1), where complete quenching of
the exciplex emission ofila and a 90% quenching ifllb ,
along with a significant decrease in monomer emission, are
observed® In contrast tollla and Illb, Illd shows only
minimal quenching of the exciplex (similar to the situation
observed in THF) in CHGI The most obvious differences in
copolymerslll are the size and excited-state lifetimes of the
pendent chromophores. In addition, solvent interactions which
suppress the exciplex emissionlita andlllb (bearing the
dimethylanilino donor) differ in character from those copolymers
bearing the dicyanophenyl acceptdild ). It is possible, for
example, that in CHGIthe DMA**/arene™ exciplex transfers
an electron to the solvent, thereby quenching the exciplex
emission, whereas the aretW®®CP~ exciplex does not. We
attempted to test this hypothesis by measuring the emission of
these polymers in a solvent more easily reduced than gHCI
(i.e., CCl). However, the polymers are not sufficiently soluble
to permit observation of solution-phase fluorescence.

Time-resolved emission measurementdit# andlllb in
CHCI; reveal a decreased singlet-excited-state lifetime (by
approximately 50%) compared with that in THF. Transient
absorption ofllib in CHCI; shows a signal growing in at 450
nm (assigned to the phenanthrene radical cation) as a shoulder
on the phenanthrene triplet emission (4&10 nm). Unfor-
tunately, the transient absorptions of the phenanthrene radial
anion, radical cation, and triplet overlap strongly, so that separate
signals could not be adequately resolved. The same measure-
ments inllla were attempted upon excitation at 266 nm.
However, absorption by the dimethylanilino groups competes
effectively with absorption by the naphthyl groups at this
wavelength, and a complex excitation profile resulted.

Transient absorption dilc showed no unambiguous sign
of separated radical ions in either chloroform or THFIn
contrast to the solvent effects dia, Illb, and llld , the
intensity of exciplex emission ifllc changes only minimally

(24) Shida, TElectronic Absorption Spectra of Radical Igrisevier:
New York, 1988; pp 264300.

(25) We have eliminated adventitious acid in CH@$ a source of the
decrease in exciplex emission by shaking the solvent with solid potassium
carbonate prior to each use. Unfortunately, Ci€Inot a suitable solvent
for transient measurements, because of its high reactivity with light to form
acidic species in solution.

(26) Extended laser pulsing (30 min) bf—1V resulted in degradation
of the polymers as characterized by fluorescence spectra before and after
extended laser excitation.

(27) Scaiano, J. CCRC Handbook of Organic Photochemist@RC
Press, Inc.: Boca Raton, FL, 1989; pp 37389.
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Figure 7. Fluorescence and phosphorescence specttdaof(10-° wavelength (nm)

M) in MTHF, 1ex = 284 nm: (A) fluorescence at room temperature; Figure 8. Fluorescence and phosphorescence spectiibof(10-5

(B) total emission at 77 K; (C) phosphorescence (using a chopper) at M) in MTHF, Aex = 335 nm: (A) fluorescence at room temperature;

77 K. (B) total emission at 77 K; (C) phosphorescence (using a chopper) at
77 K.

with solvent. Thus, the energetics for solvation must be much

lower inlllc than inllla, lllb , or llid .

The component chromophoerguencher interactions of
llla —d were modeled by studying an intermolecular analog of
these interactions by employing the related monomers in this
same series of solvents. The calculations described above have
shown that the energy migration rates are slower than diffusion
(about 18°s™1) of a dissolved quencher. Smaller chromophores
allow better solvation of the chromophergquencher pair than
larger ones, and enhanced quenching is thus expected. With
1075 M solutions of naphthalene, phenanthrene, or anthracene
in CH,Cl,, THF, and THF/CHCN (1:1), exciplex emission is
observed upon adding 3%5 mL of dimethylaniline. In CHG| J
however, exciplex emission is completely suppressed for both
naphthalene and phenanthrene, but virtually no decrease is
observed with anthracene. In“fM solutions of phenanthrene wavelength (nm)
in CHxCl,, THF, THF/CHCN (1:1), or CHC}, exciplex Figure 9. Fluorescence and phosphorescence specttof10-° M)
emission is still observed upon adding a 50 mM solution of in MTHF, 1ex = 355 nm: (A) fluorescence at room temperature; (B)
dicyanobenzene. These results confirm the expectation thattotal emission at 77 K; (C) phosphorescence (using a chopper) at 77
chromophore size and excited-state characteristics do indeed<-
influence a group’s ability to form exciplex with donors or
acceptors both as low molecular weight bimolecular pairs and A
as intramolecular pairs produced at the block interface of our
polymers. These bimolecular experiments also rationalize our
observation that dicyanobenzene-labeled block copolymers
(Ilid ) display quite different solvent effects than those bearing
dimethylanilino groupsl{la —c). The varying effect of chlo-
roform likely depends on the redox properties of the appended
chromophore.

C. Temperature Effects on Emission from Block Copoly-
mers lll.  The excited-state properties of polymers are signifi-
cantly affected by their equilibrated conformations in solution.
Therefore, in order to segregate electronic effects from those |
that result from the dynamic motion of the polymers during 350 300 500 560 nm
the measurement, we have investigated the emission (fluores- wavelength (nm)
cence and phosphorescence) of block copolyieris a MTHF Figure 10. Fluorescence and phosphorescence specttidof(10-5
glass at 77 K. The emission spectra observedifar—d are M) in MTHF, Aex = 355 nm: (A) fluorescence at room temperature;
presented in Figures—710, in which are overlaid a fluorescence (B) total emission at 77 K; (C) phosphorescence (using a chopper) at
spectrum measured at room temperature (curves A), a compositg7 K.

fluorescence and phosphorescence emission spectrum measuredhission (curves C). Exciplex emission was suppressed in the
at 77 K (curves B), and a phosphorescence emission spé€trum spectra of any of the block copolymeis at 77 K (curves B),
measured at 77 K with the use of a chopper to eliminate prompt i, contrast to the strong emission observed at room temperature
(28) The phosphorescence spectra (curves C) were similar to those(CuUrves A). The exciplex emission observed at room temper-
previously reported for the phosphorescence of low-temperature solutions ature must therefore be frozen out by an insurmountable energy

of the parent chromophore. (a) Naphthalene: Takemura, T.; Baba, H.; ; ; ira.
Shindo, Y.Chem. Lett1974 1091-1096. (b) Anthracene: Itoh, Y.; Webber, t.)amer . temp?rature’ by suppr_essmn of SOIV?nt reorganiza
S. E.Macromolecule499Q 23, 5065-5070. (c) Phenanthrene: Parker, C. tiOn, or by prevention of the formation of the exciplex at 77 K

A.; Hatchard, C. GAnalyst1962 87, 664—-676. because of restricted molecular motion.
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Table 4. Excited-State Lifetimes of the Emitting State of
Phenanthryl-Containing Block Copolymelitd , Illb , IVa, Vb,

andlvd?
monomer fem= 375 nm) exciplex4em = 460 nm)
71 (NS) 72 (NS) 73(NS) 74 (NS)

b 7.6 0.16) 20 (£0.02) 8.3(0.02) 27 ¢0.13)
Id  0.99 &0.01) 14 (0.06) 1.5 ¢0.04) 6.4 ¢-0.05)
IVa 0.99 &0.05) 150.13) 1.6 (£0.04) 8.0 ¢:0.22)
IVb  0.98 &0.01) 6.5 0.04) 1.2 0.02) 6.5 (-0.06)
Ivd  0.99 &0.04) 4.1¢0.06) 1.10.02) 9.7 £0.12)

aEmission measured at 355 nm in THF as%010* M degassed
solutions.

In llla, lllb , andllld , shown in Figures 7, 8, and 10, we
observe both fluoresceneadphosphorescence at 77 K, without
the chopper in place. In contrast, under these conditibas
shows no visible phosphorescence, Figure 9B, but with the
chopper in place and the intensity normalized, we can observe
phosphorescence (Figure 9C). The low intensity of phospho-
rescence irllc is probably caused by the low quantum yield
for intersystem crossing (singlet to triplet) in anthraceRer(
= 0.0003), compared to that for naphthalefrer(= 0.40) or
phenanthreneFst = 0.16)%7

Transient absorption spectra bfa —d at 77 K in MTHF

again show no clear evidence for long-lived charge-separated

radical ions, although ifilb long-lived phosphorescence could
be observed for seconds after excitation.

D. Steady-State and Transient Emission from Block
Copolymers of (Dimethylanilino)—(Phenanthryl),—(Dicy-
anophenyl), IV with Varying Phenanthrene Block Length.

The key structural componentsitib andllld were combined

in IVa—d to search for observable photoinduced charge
separation. In polymerb/, the attached groups are ordered
according to the redox potentials of DMA{, = +0.85 V),
phenanthreneH,y = +1.60 V,E;eg= —2.0 V), and DCB E;eq

Watkins and Fox
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Figure 11. Steady-state fluorescence of (Hp , (b) Illd , and (c)IVa
(10°° M) in CHClI, at an optical density of 0.1 AU.

1
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Figure 12. Steady-state fluorescence emission of I{&, (b) IVb,
(c) IVc, and (d)IvVd (107 M) in CH.ClI, at an optical density of 0.1

= —1.64 V) so that these pendent groups are placed sequentiaIIyAU'

along the backbone to create a redox gradient for vectorial
electron transfer. The excited states of polynista—d were
examined by transient emission and steady-state spectroscop
and were compared to the corresponding copolyriysand
llld . The individual members of the seriB$ differed by the
length of the intervening phenanthryl relay block.

1. Transient Analysis. The lifetimes of the excited states
of the pendent groups present in block copolymiéits and
Illd were compared with those in block copolymdY&a—d
upon excitation at 355 nm, with emission being monitored at
375 nm and 460 nm, Table 4. Biexponential decay is observed
both with the isolated (monomer) chromophores and with the
exciplex. The emission spectra bfb andllld show biex-
ponential decay at both 375 and 460 nm. These biexponential
decays are assigned to two different interconverting excited-
state species present in the copolymers (monomer and exciplex)
At 460 nm, the emission decay fd¥b also shows a rise
(measurable energy migration), whileld does not (an energy
migration rate too fast to measure on a nanosecond time scale)
vide supra Similar spectral features are observed\ia—d.

Next, we systematically varied the block length of the
phenanthryl relay block to investigate the effect of the absorber
block length on the efficiency of energy and/or electron transfer.
In block copolymerdVa, IVb, andIVd with short phenanthryl
block lengths, the long-lifetime component of the phenanthryl
(monomer) emitter decreases with block size, implying that
quenching is increased by rapid random migration of the exciton
to one of the two quencher blocks on either side of the
phenanthrene: namely, by interaction at the dimethylaniline

exciplex emission lifetimes invVa, IVb, andIVd are much

BI{sss affected by block size but also decreases in parallel with
h

e monomer emission. The emissions of copolyniées—d
do not show a resolvable rise time for the formation of exciplex,
probably because of fast energy migration, as surmised earlier
for llid .

E. Steady-State AnalysisNext, the steady-state fluores-
cence spectra of copolymdittb, lid, IVa, IVb, andIVd were
analyzed to obtain information about their relative emission
intensities. A comparison of the fluorescence spectrilbf
andllld with that of IVa is shown in Figure 11. The short-
wavelength emission at 375 nm, assigned to the phenanthryl
group, decreases as the number of excited-state quenchers
increases from one itllb or llld to two in IVa. Here, the
intensity of the long-wavelength emission at 450 nm, assigned
to exciplex, is increased slightly by the presence of the two
guenchers inVa from that observed illb or llid .

, The fluorescence spectra of blockéa—d are shown in
Figure 12. In Figure 12A, the intensity of the emission at 375
nm, assigned to an isolated phenanthryl singlet excited state,
decreases with the length of the phenanthryl block ftgin to

IVd. The exciplex emission at 450 nm also decreases slightly
in intensity as the phenanthryl block length decreases fkéam

to 1Vd.

A summary of the observed emission intensitieslinand
IV is presented in Table 5. The efficiency of quenching of the
phenanthryl monomer emission i is much higher than that
in the corresponding homopolym#ib , with increased quench-

(donor) and dicyanobenzene (acceptor) interfaces. The observedng being observed with shorter phenanthrene-block size where
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Table 5. Fluorescence Emissidof a Series of Phenanthrene 0.014
CopolymerslV Compared with Copolymer$lb andllid 0012 “ A
1012 *
quenching efficiency guenching efficiency ] ®Phen
of monomer emission  of exciplex emission . 0014
copolymer reltollb, % reltolllb , % £ ]
£ 0.008
b 64 0 a ]
Iid 60 0 s 0006
IVa 75 11 E, 3
IVb 84 20 o 00045
Ve 83 19 0.0023
Ivd 93 29 ]
aColumn 2 represents the fractional quenching of the monomer 310 330 350 370 390 410 430 450 470 490 510
emission in the block copolymers compared with that observed in Wavelength (nm)
homopolymeilb . Column 3 represents the percent quenching of the
exciplex emission inV compared with that ifllb . Spectra were
measured in degassed THF as @B solutions at room temperature. 0.03 B
_ o : 0.025 3 3phen”
the migration to a quenching interface requires fewer 8ps. E
The intensity of monomer emissionlitb is only slightly lower > 002
than that observed ifild , whereas inlVa this emission is 2 3
. . . . . o b
noticeably lower by another 15%. This behavior indicates that &  0.0157
the phenanthrene excited-state energy can statistically migrate § E
. . o . Z 0.01
to either the dimethylanilino donor or the dicyanophenyl & 3
acceptor to quench the observed fluorescence. Conversely, if 0.0053
we compare the relative intensities of exciplex emission in the 3
normalized spectra, the emissionIWva is quenched by only 03 0 330 350 370 390 410 430 450 470 490 510
10% more inlll , i.e., not double as might be expected with

; . Wavel
two quenchers on either side of the chromophore block. avelength (nm)

By comparison witHlld , the relative intensities of monomer
emission inlVb, IVc, andIVd are quenched by an additional
24%, 23%, and 33%, respectivey. Thus, the presence of a 0.006
second quencher suppresses monomer emission. Moreover, this 0.005 3
monomer quenching is not accomplished by enhanced exciplex 3
emission, for a comparison of the exciplex emissiorlib
andllld with that observed iV indicates that the amount of
exciplex emission is actually lower ivb, IVc, andlVd (with

Optical Density
=
]
w
L

higher levels of monomer quenching) thanlWa (with the 0'002‘5
lowest level of monomer quenching). 0.001 4

There are two plausible explanations for the observed 05”"mr”qﬁ'l”'l”_l_"l”'l'” .
decrease (rather than an expected increase) in the intensity of 310 330 350 370 390 410 430 450 470 490 510
exciplex emission oflV over that inlllb : (1) preferential Wavelength (nm)

migration of the phenanthryl excitation energy to the DCB Figure 13. Transient absorption spectra on ag©time scale in THF.
guencher on one side of the block may dominate over energy (A) llid : phenanthrene triplet (46600 nm). (B)lllb : phenanthrene
migration to the DMA quencher on the other side; or (2) energy triplet (400-500 nm). (C)IVa: DCB*~ (344 nm), DMA™ (475 nm),
migration to the quenchers on either block interfack/imesults and phenanthrene triplet (46600 nm).
in photoinduced electron transfer rather than exciplex emission. _ ] ] _
The first possibility is unlikely because comparable driving fransfer, i.e., for the production of a physically separated radical
forces are involved in the energy migration to either interface. i0n pair. Using nanosecond flash excitation techniques, we
Rather, when the components of copolymiits andllid are obtained direct evidence for photoinduced electron transfer
combined inlV, random walk theory predicts that energy will resulting in the formation of charge-separated dicyanobenzene
migrate nonselectively via the shortest path to the nearest(PCB™)and dimethylaniline (DMA') radical ion pairs inVa —
electron transfer traf. It is likely therefore that the decreased d. Transient absorption ¢¥a shows not only absorption from
exciplex emission is caused by enhanced electron transfer athe phenanthrene triplet but also an absorption at 344 nm (typical
the two interfaces present IV . for the transient absorbance of DCF* and indirect evidence

F. Transient Absorption and Photoinduced Charge  foF the DMA™ (typical transient absorbance at 475 ffbarely
Separation in Triblock Copolymers IV. To test the latter resolvable from the triplet, Figure 13C. The eX|§tence of thls
explanation, we performed transient absorption measurementd@tt€r band can be seen more clearly upon comparing the excited-

on IV to seek evidence for the proposed photoinduced electron Stat€ spectrum dia (Figure 13C) with those dilb andllid ,
Figure 13, parts A and B, respectively. Sinitd andllid
(29) Odian, G.Principles of PolymerizatiagnWiley: New York, NY, only show absorption from the phenanthrene triplet, the differ-
1992. The similarity in quenching itVb andIVc may stem from the fact ence in the curve shape of the transient in Figure 13C plainly

that the block copolymers containing fewer than five phenanthrene units : "
between the donor and acceptor may not be truly monodisperse. TheShOWS the existence of an additional peak at around-480

statistical nature of chain growth in living polymerizations dictates that the NM. Attempts to selectively quench the triplet by bubbling
rates of initiation and propagation vary greatly for small block sizes, making oxygen through the solution prior to laser excitation resulted in

it difficult to add only one to two units at a time. The result is usually significant quenching of all signals, not only the triplet
larger polydispersity indices for polymers containing small block lengths. Th ibility of int | | YI t t feilVh .d
(30) Chatterjee, P. K.; Kamioka, K.; Batteas, J. D.; Webber, SJ.E. € possinility or intermolecular electron transreihunaer

Phys. Chem1991, 95, 960-965. our experimental conditions has been ruled out by both
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Scheme 1.Two Possible Mechanisms Leading to Long-Range Charge Separation on a Single Polymer Chain Bearing a Donor
(D), Acceptor (A), and Relay/Chromophore (C) on a Rigid Polymer Chain

A. Mechanism 1
Ground state species Charge Separation
T IT T T — . TTLTLTT T, L L1 ET [ [T
DCCCCCA DCCCCCA —  — pPreecc(Ctal D!CC CCC A
~ ~ o\
Migration of Formation of Intramolecular back
excited state exciplex on electron transfer bet:veen _
energy to both sides relay radical ions (C*and C*)
chromophores leading to long distance
at interface D¥/A* charge separation
Electron transfer
. at the chromophore-
B. Mechanism 2 acceptor interface
Ground state species Charge Separation
v T L1 LT 1 = T 1 L 11 1:1 B T 111
—— + 1= -
CCCC*CA DC CCC CA’ DICC CCCA
Migration of ~ AN Electron hopping
excited state to the
energy to the chromophore-
chromophore- donor interface
acceptor interface
hv ET ET
v\ . TTL Tl L LT L1 11 _—
DCCCCC*A D'C’CCC C A _D}CCCCCA
Migration of NN Electron transfer A~~~ Electron hopping
excited state at the chromophore- to the
energy to the donor interface chromophore-
chromophore- acceptor interface
acceptor interface

aMechanism 1: a biphotonic process involving energy migration and electron transfer. Mechanism 2: a single-photon process involving energy
migration and electron transfer.

experiment and calculation. The concentration of polymer in
the transient experiments is 51075 M. Assuming an upper
limit for the intermolecular diffusion rate of 10s™1 M1, we
calculate an intermolecular interaction to occur evesy 606
s (6us). Since the lifetime of the phenanthrene chromophore
is only 16 ns, full relaxation would therefore have taken place
long before any intermolecular interactions could occur. Hence,
we rule out intermolecular interactions as a significant source
of radical ion formation. Furthermore, by experimentation,
transient absorption experiments combinitigp andllld at 0.7664
the same phenanthrene concentration d4¥ ishowed no signs } = { , {
of a DCB radical anion at 344 nm. The contrasting behavior 1.01 3.01 500  7.00 9.00
in IV implies that the charge separation observely/ircannot Time (us)
occur intermolecularly and, instead, depends on intramolecular,:iglJIre 14. Transient absorption decay curve ifa: DCB radical
energy migration followed by charge trapping at both interfaces. anion at 344 nm, OB-= 0.25 AU atie; = 355 nm. Single exponential
The absorption decay curve assigned to DC& 344 nm in fit with lifetime of 7.2 us.
IVa, Figure 14, can be fitted to a single exponential with a

2434

1.631-

0.8334

0.0334

Optical Density (x 107?)

lifetime of 7.2+ 0.04us. The transients assigned to DCEn Two possible modes of photoinduced electron transféyin
IVb andIVc have lifetimes of 6.0t 0.05 and 5.7+ 0.1 us, are shown in Scheme 1. In the first mechanism, excitation of
respectively. These lower lifetimes iWb andIVc than in two ground-state phenanthryl pendent groups (questionably

IVa correlate directly with the shorter phenanthrene block assuming a biphotonic absorption at 30 mJ/pulse) results in
lengths separating the oxidized DMA cation from the reduced simultaneous energy migration to the donor and acceptor blocks
DCB anion in the former compounds. This observation suggestsat either end, where oxidation and reduction take place. The
stronger electronic coupling and/or more rapid back electron radical anion and cation of phenanthrene later recombine,
transfer in block copolymers bearing ion pairs separated by stranding a charge-separated DCB radical anion and a DMA
smaller intervening relay distances. radical cation at opposite sides of the relay block. In the second
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mechanism, following excitation of a single phenanthryl group Conclusions

and energy migration to the donor or acceptor at either end, pgjqck copolymersila —c show rather slow energy migration
electron transfer takes place to form a phenanthrene radical aniorhenween pendent aromatic groups, as shown by the rise times
(or radical cation) and a DMA radical cation (or DCB radical  gpserved in their transient emission spectra. Solvent polarity
anion). The extra electron then hops through the phenanthrenenas a significant effect on the efficiency of exciplex emission
block to the other interface, ultimately producing the counterion. in |j1a andlilb , simultaneously stabilizing the polar exciplex
As the length of the phenanthryl block separating the donor and quenching its emission by 50%. Low-temperature spectra
and acceptor increases, the distance between the radical iongf ||la —c show nearly complete quenching of exciplex emis-
becomes greater and, hence, their transient lifetimes becomesjon, possibly because of conformational rigidity of the chro-
longer3! but the probability of their formation becomes lower mophore and quencher at the interface, inhibited solvent
because random migration competes less successfully againsteorganization, or restricted molecular motion. Steady-state and
natural excited-state relaxation. By either mechanism, thesetransient emission spectra of the block copolynti€ess—d show
radical ions ultimately recombine (by back electron hopping) decreased monomer emission and lifetimes upon decreasing the
to regenerate the ground state. length of the intervening phenanthryl block. This observation
The important observation of this experiment is that, in our IS consistent with directional charge separatiohin Transient
carefully designed copolymeld , photoinduced charge separa- absorption spectra indicate that successful charge separation in
tion has been sustained for microseconds. The next goal in!V Produces an ion pair whose lifetime is dependent on the
this research program is to extend the lifetime of the charge d_|stance separating the donor and the acceptor blocks on either
separation by increasing the phenanthryl block length separating®'?€:
the donor and acceptor without too adversely interfering with
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