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Effect of Solvent on Two-Photon Absorption by Vinyl Benzene Derivatives
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Two-photon absorption cross sections and spectral profiles were determined for three centrosymmetric vinyl
benzenes in solvents of differing polarity and polarizability. The data do not correlate with parameters that
characterize dielectric properties of the solvents. Rather, the effect of solvent depends on the solute, and even
subtle structural changes in the latter can result in pronounced solvent-dependent differences in the absorption
cross section. Our data highlight the need for more sophisticated models that can simulate the perturbing

effects of a solvent in the two-photon process.

Introduction

The process of simultaneously absorbing two photons to
populate an excited electronic state of an organic molecule has
received a great deal of attention over the last 40 years.'™ This
nonlinear optical phenomenon complements the more dominant
linear one-photon process and provides a new dimension for
the study and application of interactions between light and
matter.

Fundamental efforts in this field have thus far principally
focused on attempts to elucidate how changes in the chro-
mophore (e.g., substituents, conjugation length, and symmetry)
influence two-photon absorption as reflected both in the absorp-
tion spectrum and in the probability of a transition to a given
state.>~10 The latter is conventionally expressed in terms of the
two-photon absorption cross section, d, which is given in units
of GM to honor Maria Goppert-Mayer, a pioneer in the field
(1 GM = 107" cm* s photon™).

Other efforts in this field have focused on developing
applications that exploit features unique to the two-photon
excitation of a chromophore. Principal among these is the feature
that two-photon absorption only occurs where the incident
photon flux is sufficiently large, and this constraint can be used
to define very small volumes of excitation. Such spatial
localization has been used to great effect with microscopes that
provide 3D images with submicrometer resolution.!! Similarly,
localized excitation can be used to initiate reactions that can be
used, for example, as a mechanistic tool to examine spatially
resolved photoinduced phenomena or to build microscopic 3D
structures using photoinduced polymerizations.'?

Of interest in our research program is the development and
use of molecules that can sensitize the production of singlet
molecular oxygen, Oz(a'Ag), upon the simultaneous absorption
of two photons (Figure 1). Singlet oxygen is an important
reactive intermediate in many processes,!? and it is known to
be involved in spatially resolved events that result in the
photoinitiated death of biological cells (i.e., both apoptotic and
necrotic processes).'* As such, we are interested in the spatially
resolved aspects of two-photon photosensitized singlet oxygen
production as a tool for (1) the creation of singlet-oxygen-based
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Figure 1. Diagram depicting both the one- and two-photon triplet state
photosensitized production of singlet oxygen. Sensitizers of greatest
interest will have a large absorption cross section and, after internal
conversion (IC) to produce the lowest excited singlet state (S;), will
efficiently intersystem cross (ISC) into the triplet manifold to produce
the lowest excited triplet state (T). In the bimolecular collision between
the T state and ground state oxygen, O»(X°Z,"), the ideal sensitizer
will produce Oa(a'A,) in high yield. The excitation scheme shown is
that for a centrosymmetric molecule where selection rules dictate that
one- and two-photon irradiation do not populate the same state.

images of a cell, and (2) mechanistic studies of photoinduced,
oxygen-dependent cell death.!>-7

In our studies thus far, we have established that features of
a chromophore that generally enhance two-photon absorption
are often not conducive to the efficient photosensitized produc-
tion of singlet oxygen.'®!° Key in this regard is the extent of
photoinduced charge transfer (CT), not just in the chromophore
itself but also in complexes of the chromophore with oxygen.
It is well established that substituents that promote intramo-
lecular charge transfer can result in comparatively large transi-
tion dipole moments and, in turn, give rise to large absorption
cross sections. In contrast, an increase in the extent of CT
character in the sensitizer and in the sensitizer—oxygen complex
generally provides mechanisms for deactivation of the excited
state sensitizer that compete with energy transfer to produce
singlet oxygen.?>->3 These CT-mediated processes can be quite
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pronounced in polar solvents, and are clearly reflected in solvent-
dependent yields of singlet oxygen produced in photosensitized
experiments.'8-20.2324 Both the radiative and nonradiative de-
activation of singlet oxygen are likewise sensitive to solvent
effects.?02526 Nevertheless, as with events that result in the
photosensitized production of singlet oxygen, these solvent
effects have been extensively examined and are now well
understood.

In contrast to the work on singlet oxygen and to studies of
one-photon transitions in organic molecules, the study of solvent
effects on two-photon absorption is still in its infancy. Although
a number of theoretical and computational studies have ad-
dressed the issue,?’3* the results published indicate a general
lack of consensus.

From the experimental side, the effect of solvent on two-
photon absorption has yet to be addressed in systematic and
detailed studies. Indeed, we are aware of only a few studies in
which this issue has been considered. In a paper published in
1997, He et al.> reported two-photon absorption cross sections
for a given molecule in five solvents. Appreciable solvent effects
were observed on the values of  recorded [e.g., d(benzene) ~
20(THF)]. Unfortunately, these experiments were performed
using a nanosecond (ns) excitation source which appears to have
complicated and compromised the data obtained. Indeed, it was
suggested in subsequent reports that the effects of excited state
absorption likely contributed to the ¢ values obtained.*” This
is a common and accepted criticism of ns-based two-photon
experiments. To avoid such problems, it is now generally
acknowledged that, in the least, quantitative two-photon experi-
ments should be performed using femtosecond (fs) laser pulses.3®

To our knowledge, the only systematic study published thus
far in which fs laser pulses were used to quantify solvent-
dependent two-photon absorption parameters is that of Woo et
al.* In this work, two-photon absorption cross sections and
excitation spectra for a distyrylbenzene were recorded in five
solvents: toluene, THF, acetone, DMSO and water (the chro-
mophore was dressed with hydrophilic substituents for the
experiments in water). The two-photon spectral profile of this
chromophore did not change appreciably with a change in
solvent, and a significant change in 0 was observed [e.g.,
O(THF) = 1540 GM, O(toluene) = 910 GM].

Although other fs studies have addressed the effect of solvent
on two-photon absorption, the number of solvents examined is
limited, which makes it difficult to draw general conclusions.*#!
In one case, data recorded from vinyl benzene derivatives did
not show significant differences with a change in solvent from
CH,Cl, to water,* whereas in another case, 6 values recorded
for an azobenzene decreased as the amount of water in a DMSO
solution was increased.*! Terenziani et al.’? recorded the two-
photon absorption spectrum of a squaraine dye in toluene,
DMSO and CHCls. Unfortunately, in this case, the experiment
was limited by the spectral output of the laser used, and distinct
absorption bands could not be discerned. Moreover, the authors
indicated that data recorded in CHCl3; may have been compro-
mised by problems associated with photodegradation. Finally,
on the basis of solvent-dependent hyperpolarizability measure-
ments on N,N-dipropyl-p-nitroaniline, Shoute et al.*> suggested
that 0 values for this molecule should not vary significantly
with a change in solvent.

Given this rather limited base of experimental data, we
initiated a project to systematically explore aspects of the effect
of solvent on two-photon absorption. From the outset, our
simplistic working hypothesis has been that the effect of solvent
on the two-photon process cannot, a priori, be predicted based
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simply on data recorded from corresponding one-photon experi-
ments. Rather, given the significance of the so-called virtual
state in the two-photon transition (Figure 1, vide infra), and
that this state could have a unique response to perturbation by
the solvent, it is likely that solvent-dependent behavior observed
for the two-photon absorption process would indeed differ from
that observed for a one-photon process.

For our work, we were especially interested in using
chromophores that could sensitize the production of singlet
oxygen (Figure 1). Moreover, chromophores were selected
to accommodate the ease and accuracy of our experiments,
and to facilitate comparisons with two-photon data that has
already been published. To these ends, we opted to work
with three substituted vinyl benzenes (Chart 1): (E,E)-2,5-
dicyano-1,4-bis(2-(4-diphenylaminophenyl)vinyl)benzene) (CN-
PhVB), (E,E)-2,5-dibromo-1,4-bis(2-(4-diphenylaminophe-
nyl)vinyl)benzene) (BrPhVB), and (E,E)-2,5-dimethoxy-1,
4-bis(2-(4-diphenylaminophenyl)vinyl)benzene) (OMePh-
VB). In particular, a substantial amount of two-photon data
has already been accumulated for CNPhVB and BrPhVB,
including data on the one- and two-photon photosensitized
production of singlet oxygen.!943-43

Results and Discussion

1. One-Photon Experiments. Absorption and fluorescence
spectra recorded for BrPhVB, OMePhVB and CNPhVB are
plotted in Figure 2, and the relevant photophysical data
are summarized in Table 1. For these experiments, the three
molecules were used at concentrations ranging from 1 x 1077
to 2 x 107* M. Over this range, the spectral profile of the one-
photon absorption and emission bands remained the same, and
the absorbance followed linear Lambert—Beer behavior. These
observations indicate that solvent-dependent solute aggregation
does not present a problem.

All compounds display a distinct, broad, and structureless
absorption band with A, between 420 and 470 nm. The
solvent-dependent shifts in this absorption band are all relatively
small, and there is no correlation between the position of the
band maximum and any solvent polarity-related parameter.
Nevertheless, for all molecules, this absorption band is most
blue-shifted in cyclohexane and most red-shifted in benzonitrile.
Appreciable solvent-dependent differences are observed in the
molar extinction coefficient at the band maximum (equivalent
solvent-dependent differences were observed in the integral of
a Gaussian function fitted to this absorption band). We were
likewise not able to find any correlation between a solvent
polarity-related parameter and these manifestations of the
transition probability.

In contrast, large solvent-dependent shifts appear in the
fluorescence spectra. For all compounds, the most blue-shifted
spectrum is recorded in cyclohexane (i.e., the smallest Stokes
shift is recorded in this solvent). Moreover, this emission
spectrum is unique in that it exhibits distinct vibronic structure.



Two-Photon Absorption by Vinyl Benzene

1.0+

084 CNPhVB

0.6

0.4+

Normalized intensity

0.24

0.0

0.8

0.6+

0.4

Normalized intensity

0.2

0.0 B 7 .

T T T ’4I T T T T T 1
300 350 400 450 500 550 600 650 700 750
Wavelength /nm

1.0+
0.8
0.6

0.4477

Normalized intensity

0.2

0.0

360 SéO 460 4éO 560 550 660 GéO 760 750
Wavelength /nm

Figure 2. Absorption and fluorescence spectra of the molecules studied:

(a) CNPhVB, (b) BrPhVB, (c) OMePhVB. For each molecule, data

were recorded in four solvents: (—) toluene, (---) cyclohexane, (***)
benzonitrile, (—+—) THF or acetonitrile.

The fluorescence spectra recorded in the more polar and
polarizable solvent toluene are red-shifted relative to those
recorded in cyclohexane and, with the exception of the OMe-
PhVB spectrum, the vibronic structure is less pronounced.
Spectra recorded in THF, acetonitrile and benzonitrile are even
further red-shifted and show no vibronic structure.

Interactions between the solvent and a solute are often
described and interpreted using functions that depend on
macroscopic dielectric properties of the solvent. Electronic
transitions, in particular, are routinely examined against func-
tions of the solvent static (ey) and optical (ey,) dielectric
constants, the latter expressed as the square of the solvent
refractive index, 7.** Common to most mathematical representa-
tions of Onsager’s solvent—solute reaction field is the parameter
Af (eq 1).46,47
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As shown in Figure 3, there is a reasonably good correlation
between our solvent-dependent Stokes shifts and Af. Figure 3
also clearly illustrates that the Stokes shifts in BrPhVB and
CNPhVB are most sensitive to the changes in solvent.

The data in Figures 2 and 3 indicate that the solvent-
equilibrated emitting state of our vinyl benzene derivatives is
quite susceptible to the effects of the solvent and is stabilized
in more polar/polarizable solvents. Analogous data have been
recorded from other, related compounds.®3%% In turn, these data
imply that the emitting state may have a certain amount of
charge-transfer (CT) character. Evidence to support the existence
of a solvent-stabilized intramolecular CT excited state has been
presented for related PV oligomers.*8

In previous experiments on analogous vinyl benzenes, we
have seen a corresponding decrease in the yield of sensitized
singlet oxygen production in cases where fluorescence data
implies excited state CT character.® In the present solvent-
dependent work, we do not see a pronounced correlation
between the singlet oxygen yield and the nature of the
fluorescence spectrum (Table 2). This may indicate that, for
the present molecules, (1) the extent of solvent-dependent CT
character in the immediate precursor to singlet oxygen (the T,
state) is not the same as that in the fluorescent S; state, or (2)
S; simply has a larger dipole moment or is more polarizable
than Sy, and CT character is not at all pronounced in the excited
state.

2. Two-Photon Experiments. 2.1. General Background.
Two-photon absorption is illustrated in Figure 1 in the context
of the photosensitized production of singlet oxygen. In this
process, an excited state of the sensitizer, S, is produced from
the ground state, Sy, via the simultaneous absorption of two
photons. One can think of this transition as proceeding via a
so-called virtual state which is denoted in the figure using a
dashed line. This virtual state is not a real state of the molecule
but can be described mathematically as a linear combination of
all the real states of the molecule, v;, including the ground state
(eq 2).

Af

wvir = Z Ciwi (2)

1

This concept of the virtual state is integrally incorporated in
expressions that can be derived for the two-photon absorption
cross section, 0. This is seen in eq 3, obtained using time-
dependent perturbation theory, for a transition between a ground
(g) and a final (f) state under conditions where two photons of
identical energy are absorbed and where only electric dipole
transitions are considered.>
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Here vy is the frequency of the light absorbed, v;, the frequency
of the transition from the ground state to the ith state considered
in the sum, e is the polarization vector of the radiation field, 7
is the dipole moment vector, and g¢(2v;) is a function describing
the band shape of the final state. The latter reflects the fact that
a given transition will be broadened by the presence of
vibrational and rotational sublevels.’!

Embodied in Figure 1 and eq 3 is the rule that, for
centrosymmetric molecules, g — f transitions between states
of opposite parity will be allowed for a one-photon process,
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TABLE 1: Selected Photophysical Properties of CNPhVB, BrPhVB, and OMePhVB Obtained from One-Photon Experiments®

compound  solvent Amu(ab) (nm)  Amax(em) (nm)  Stokes shift (cm™!)  AEyo (kJ/mol)  &s00 M 7lem™)  gpax M ~lem™}) 7 (ns)
CNPhVB TOL 471 530 2364 236 19950 65900 1.48 £ 0.08
CHX 459 504 1945 243 20800 72300 1.4 £0.1
THF 463 575 4207 233 27000 72200 2.08 + 0.08
BZN 471 610 4838 226 22600 63400 2.7+04
BrPhVB TOL 425 491 3163 255 47600 62600 0.65 £+ 0.05
CHX 419 473 2725 261 44800 51900 0.65 + 0.04
THF 423 528 4701 252 52300 65000 0.73 £+ 0.06
BZN 427 550 5237 247 45000 59800 0.94 + 0.07
OMePhVB TOL 427 480 2586 258 57000 84500 1.13 £ 0.06
CHX 420 470 2533 264 76200 93400 1.17 £ 0.08
ACN 422 511 4127 258 62600 82000 1.45 £ 0.08
BZN 433 503 3214 253 41800 68200 1.33£0.12

@ Absorption (ab) and emission (em) data were recorded in toluene (TOL), cyclohexane (CHX), tetrahydrofuran (THF), benzonitrile (BZN)
and acetonitrile (ACN). CNPhVB and BrPhVB are not soluble in ACN (see Experimental Section). The energy difference between the Sy and
S states, AEyy, was obtained from the crossing point of the intensity-normalized absorption and fluorescence spectra. Molar extinction
coefficients are reported at the absorption band maximum, &, and at 400 nm, &400. As discussed in section 2, the latter is important in the
approach used to quantify two-photon absorption cross sections. The lifetime of the S; state, 7, was obtained from a time-resolved fluorescence

experiment.
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Figure 3. Plots of the Stokes shift for the three vinyl benzene
derivatives studied (00, OMePhVB; ®, BrPhVB; B, CNPhVB) against
the reaction field parameter Af for the solvents shown in Table 1.
Although the lines shown derive from a linear fit to each data set, they
are included only to highlight the overall trend.

TABLE 2: Solvent-Dependent Singlet Oxygen Yields
Sensitized by BrPhVB

solvent® Dy
TOL 0.37 & 0.04"
THF 0.28 £0.03
BNZ 0.32 £0.03
CHX 0.26 +£0.03

“Data were recorded in toluene (TOL), cyclohexane (CHX),
tetrahydrofuran (THF), and benzonitrile (BZN). ”We have
previously reported a value of 0.45 £ 0.05 for BrPhVB in
toluene,* and the present number, although smaller, is still within
the error limits.

whereas the two-photon g — f process will only couple states
of the same parity.? In short, the state f initially populated upon
light absorption will be different in these respective processes.
This selection rule applies quite generally, even for many of
the large molecules typically used as singlet oxygen sensitizers.*’
Nevertheless, interesting cases can arise when dealing with
molecules that readily interconvert between ground state isomers
of different symmetry,3? and where the presence of solvent and
counterions influences the overall symmetry.>

On the basis solely of eq 2, we can see how a two-photon
transition could indeed have a unique response to a change in

solvent, certainly in comparison to a corresponding one-photon
transition to the same state. Simply expressed, the real states
that define the virtual state all have different electronic distribu-
tions, each of which will respond differently to a change in
solvent. We can carry this discussion further with reference to
eq 3. First, recall that, in the transition g — i, the surrounding
solvent will retain the polarization established by the charge
distribution of the ground state solute, and any state i initially
populated upon light absorption will not be in equilibrium with
the surrounding solvent. The extent to which a given excited
state will be destabilized relative to the solvent-equilibrated
condition will depend on the solvent and will be reflected in
the parameter v;s. Second, because each electronic state of the
solute will have a different orbital occupancy and charge
distribution, and each charge distribution will respond differently
to a given solvent, it is reasonable to expect that the transition
dipole moments, [ A7+ ely;Cand [ f7-ely,L] will likewise vary
with the solvent. Finally, the solvent will influence the band
shape function g¢ by perturbing vibrational and rotational levels.

However, perhaps the simplest way to see how solvent could
influence a two-photon transition through eq 3 is to recognize
that, properly defined, the wave functions ¥ will describe the
entire system of solvent and solute.>*

2.2. Two-Photon Excitation Spectra. Two-photon excitation
spectra of the three vinyl benzenes (CNPhVB, BrPhVB, and
OMePhVB) were recorded in the solvents listed in Table 1.
These spectra, shown in Figure 4, were recorded against standard
molecules for which the two-photon absorption profile has been
independently established (see Experimental Section). The
spectra were recorded using the sample fluorescence as the
optical probe.

Recording such two-photon excitation spectra against that of
an established standard accounts for changes in the fluorescence
intensity that derive from wavelength-dependent differences in
the temporal and spatial profiles of the exciting laser beam; one
only has to account for the overall spectral profile of the
standard. On the other hand, for experiments performed in
different solvents, one must account for any wavelength-
dependent effects that may arise as a consequence of light
absorption by the solvent. These latter effects are readily
quantified, however (see Experimental Section and Supporting
Information). The excitation spectra shown in Figure 4 were
corrected for solvent absorption, when necessary, and we
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Figure 4. Two-photon excitation spectra for (a) CNPhVB, (b)
BrPhVB and (¢c) OMePhVB. The CNPhVB and BrPhVB data were
recorded in four solvents: toluene (M), cyclohexane (@), benzonitrile
(a) and THF (v¥). For OMePhVB, acetonitrile was used instead of
THF. Each point shown has an error of ~8%. To more clearly show
the relative effects of a change in solvent, the spectra have been
displaced vertically by an arbitrary factor.

ascertained that the fluorescence signals correctly scaled qua-
dratically with incident laser power at all excitation wavelengths.

When examining the data shown in Figure 4, it is first
important to recognize that these experiments were performed
using a fs laser system as the excitation source. Thus, at each
excitation wavelength, the spectral width of the laser pulse is
comparatively broad (i.e., wavelength-dependent fwhm ~
10—20 nm).** Second, our principle concern is to show relative,
solvent-dependent changes in the spectral profiles of the
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respective molecules. As such, we have not included a numerical
scale on the y-axes. However, using two-photon absorption cross
sections independently obtained (section 2.3, vide infra), each
of these spectra can be plotted with values of O on the y-axis.
These 12 spectra are included in the Supporting Information.

Although one can clearly discern solvent-dependent changes
in the spectra of CNPhVB and OMePhVB (Figure 4a,c), these
changes are not pronounced. These results are consistent with
those obtained by Woo et al.*® who likewise observed only small
solvent-dependent changes in the spectra of a related N,N-
dialkyl-substituted aminophenyl vinylene. On the other hand,
more pronounced solvent-dependent changes are observed in
the BrPhVB spectra (Figure 4b). Thus, our data clearly indicate
that even when the principal molecular features of the chro-
mophore remain the same, slight changes in a substituent (i.e.,
CN — OMe — Br) can have significant effects both on the
two-photon spectral profile and on the sensitivity of this spectral
profile to a change in solvent.

In Figure 5, we show the one- and two-photon spectra
recorded in toluene for each of our vinyl benzene derivatives.
The data are plotted such that the x-axis shows the transition
energy. We clearly see that our results meet the expectation
based on parity-derived selection rules (vide supra): For these
centrosymmetric molecules, the initial state populated in a two-
photon transition is different from that populated in a one-photon
transition.

2.3. Two-Photon Absorption Cross Sections. We noted in
the Introduction that singlet oxygen can be produced upon two-
photon excitation of a sensitizer (Figure 1). We have established
that one can use the 1270 nm phosphorescence of the singlet
oxygen thus produced (Ox(a'A,) — 02(X3Z, 7)) as a probe to
quantify the efficiency with which light is absorbed by that
sensitizer in the two-photon process.®!*4344 This singlet-oxygen-
based approach complements other methods by which nonlinear
light absorption can be studied in a given molecule (e.g.,
fluorescence,® z-scan®>-%) and, in fact, has a number of distinct
advantages, particularly for a solvent-dependent study.**

2.3.1. Experimental Technique. Two-photon absorption cross
sections, O, were obtained using the singlet-oxygen-based
technique that has been described in detail elsewhere.®!%4

Briefly, the intensity of singlet oxygen phosphorescence
detected upon two-photon excitation of the molecule, />, was
compared to the intensity of singlet oxygen phosphorescence
detected upon one-photon excitation of the same molecule, /;.
The number of excited states produced upon light absorption
in the one-photon process, N;, which is proportional to I, is
given by eq 4,

_PA,(1=107
! frephe

where P is the average power of the laser used to irradiate the
system at the wavelength 4, fip is the laser repetition rate, 4 is
Planck’s constant, ¢ is the speed of light, and A is the sample
absorbance at 4;. The number of excited states produced upon
light absorption in the two-photon process, N,, which is
proportional to I», can be similarly expressed,

“

N, =——7-75818s (5)

where P, is the average laser power incident on the sample at
the irradiation wavelength A, C is the concentration of the
molecule under study, O is the two-photon absorption cross
section, and gt and gs are the temporal and spatial coherence
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Figure 5. One-photon absorption spectra (solid line) and two-photon
excitation spectra (H) for the three vinyl benzenes recorded in toluene:

(a) CNPhVB. (b) BrPhVB. (¢c) OMePhVB. Shown on the x-axis is
the total transition energy, given as a wavelength in nm.

factors for the irradiating laser beam, respectively.*3#4* In this
experiment, the irradiation wavelengths were chosen such that
241 = A, (i.e., the two-photon experiments were performed at
800 nm which is an easily accessible wavelength and which, in
turn, is readily frequency-doubled to yield 400 nm light for the
one-photon experiments).

Upon the absorption of light, we assume that rapid intramo-
lecular relaxation produces the same state (i.e., S;) and the
subsequent photosensitized production of singlet oxygen occurs
with the same efficiency (see Figure 1). Given the way that
this experiment is done, the same multiplicative factor relates
the intensities of the singlet oxygen phosphorescence signals,
I and I, to Ny and N, respectively.** Thus, the combination
of eqs 4 and 5 makes it possible to obtain a value for ¢ at a
given wavelength. When experiments are performed in different
solvents, the inherent effect of solvent on the value of O is
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Figure 6. Double logarithmic plots of the singlet oxygen phospho-
rescence signal against incident laser power recorded upon (a) 800 nm,

and (b) 400 nm irradiation (background corrected) of OMePhVB in
toluene.

recorded (i.e., corrections for changes in the refractive index
are not necessary). Therefore, this approach is readily used to
obtain relative 0 values for experiments performed in different
solvents.

One disadvantage of our approach is that the temporal and
spatial coherence factors for the irradiating laser, gr and gs,
must be quantified if an absolute value for 0 is to be reported
at any given wavelength.!* To report absolute O values,
relative O values can be normalized against a reference molecule
with established wavelength-dependent 6 values. In our case,
this is readily done using CNPhVB in toluene as the standard.

2.3.2. Solvent Absorption. The data recorded from solutions
of our vinyl benzenes following irradiation at 800 nm scaled
quadratically with the incident power (Figure 6a), as expected
for a two-photon transition. In these experiments with 800 nm
irradiation, we did not observe a signal from any of the neat
solvents and, thus, a background correction was not required.

Upon 400 nm irradiation, the signals detected from cyclo-
hexane, THF and acetonitrile solutions of the sensitizers scaled
linearly with the incident power as expected for a one-photon
transition. Moreover, a signal was not observed upon 400 nm
irradiation of these neat solvents and, thus, a background
correction was likewise not required.

However, upon 400 nm irradiation of neat toluene and
benzonitrile, a singlet oxygen phosphorescence signal was
detected which scaled quadratically with the incident laser
power. We have previously addressed this issue in detail with
respect to similar experiments to quantify 6,3 and have
demonstrated that one can correct for this solvent-derived
background signal simply by subtracting it from the signal
detected from solutions of the sensitizers. Indeed, when the data
obtained from solutions of toluene and benzonitrile were
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TABLE 3: Solvent-Dependent Two-Photon Absorption Cross Sections at 800 nm and at the Maximum of a Given Band in the

Two-Photon Spectrum

compound solvent* o™ Amax® (nm) Orei™ Erel ¢ draenrnve 6% (GM)
CNPhVB TOL 1.00 845 1.00 1.00 1.00 1365 £ 205
CHX 1.23 +£0.10 835 1.22 £0.10 1.10 £ 0.12 1679 £ 286
THF 1.07 £0.16 845 0.74 £0.11 1.10 £ 0.12 1461 £ 309
BZN 0.95 £ 0.06 845 0.83 £ 0.05 0.96 +£0.10 1297 £ 211
BrPhVB TOL 1.00 770 1.00 1.00 0.73 £ 0.05 990 + 163
CHX 0.58 £ 0.04 785 0.66 &+ 0.05 0.83 £0.09 574 £ 102
THF 0.83 £ 0.05 770 0.87 £ 0.05 1.04 £0.11 822 £+ 144
BZN 0.67 £ 0.06 770 0.60 &+ 0.05 0.96 +£0.10 663 + 124
OMePhVB TOL 1.00 685 1.00 1.00 0.43 +£0.03 587 £ 97
CHX 0.57 £0.05 685 1.00 £ 0.09 1.11 £0.12 335+ 63
ACN 0.40 £ 0.04 685 0.53 £ 0.05 0.97 £0.10 235 +£45
BZN 1.23 £0.11 685 1.1 £0.1 0.81 £0.09 722 + 136

@ Data were recorded in toluene (TOL), cyclohexane (CHX), tetrahydrofuran (THF), benzonitrile (BZN), and acetonitrile (ACN). The data
were collected in 4—8 independent experiments and averaged. The errors shown reflect one standard deviation from the mean. ® Values of
determined at 800 nm relative to that obtained for the given molecule in toluene. * Maximum of a prominent band in the two-photon spectrum.
See Figure 4. ¢ Values of 0 at the maximum of the band whose wavelength is shown in column 4 relative to the 0 value obtained at the band
maximum in toluene. ¢ Values of the one-photon molar extinction coefficient, &, at the maximum of the one-photon absorption band (see Table
1) relative to the & value obtained at the band maximum in toluene. / Values of 0 obtained at 800 nm relative to that obtained from CNPhVB.
¢ Values of 0 at 800 nm obtained using Ocnphve(toluene) = 1365 + 205 as the standard. This value for dcnenve has been independently

established.*

corrected for the solvent background, the resulting signal scaled
linearly with the incident power, as expected (Figure 6b).

2.3.3. Solvent Effects on 0. It is first informative to compare
relative values of the two-photon absorption cross section
obtained at 800 nm in different solvents, 05 . Of course, in
making such a comparison, we must always be aware that
solvent-dependent changes in 0 at a given wavelength could
principally reflect the solvent-dependent spectral shift of a
distinct band. Nevertheless, as seen in Figure 4, solvent-
dependent changes in the respective spectra of these molecules
indicate that direct comparison of ¢ data obtained at 800 nm is
reasonable. On the basis of the respective excitation spectra,
we can also compare relative values of the absorption cross
section obtained at the maximum of a given band, o). Using
these two yardsticks, we see an appreciable solvent effect on &
for all three molecules examined (Table 3).

Although Woo et al.?? also report values of ¢ that depend
on the solvent, their results are not consistent with ours.
Specifically, for the particular vinyl benzene examined in their
study, they find a rather large increase in the absorption cross
section at the band maximum as the solvent is changed from
toluene to THF. In our case, we find that for both CNPhVB
and BrPhVB, there is a distinct decrease in ¢ as the solvent
is changed from toluene to THF. Although this difference
between our data and those of Woo et al. could reflect a
number of experiment-specific phenomena, we rather think
that it reflects a more fundamental aspect of the role played
by the solvent in influencing two-photon transitions in a given
molecule. This point is developed further below.

Our data clearly show that values of 0 for each of the vinyl
benzenes respond differently to a given change in solvent. For
example, with CNPhVB, 030 and O™ increase with the change
in solvent from toluene to cyclohexane. With BrPhVB, O30
and Ore" decrease with the same change in solvent. As such,
we are not able to find a correlation between 0 and any common
parameters, or collection of parameters, which describe solvent
properties (e.g., Af in eq 1).

We indicated earlier that we were likewise unable to correlate
values of the one-photon molar extinction coefficient, &, for these
vinyl benzenes with solvent parameters. We are also not able
to correlate solvent dependent changes in 0 with solvent

dependent changes in € (see values of O~ and e in Table

3). Arguably, this latter lack of correlation could be expected
on the basis of the fundamental differences between one- and
two-photon transitions, particularly for centrosymmetric mol-
ecules where different states are involved. However, in the
present context, the differences between one- and two-photon
transitions are best exemplified by referring to eq 2; the virtual
state involved in the two-photon process is a linear combination
of all states in the system, and it is here that one can find a
reasonable basis for a unique susceptibility of a two-photon
transition to the effects of a solvent.

Our results clearly indicate that, for these vinyl benzenes,
the effect of a solvent on O depends significantly on the
particular molecule involved. This conclusion is consistent with
the fact that the results of Woo et al.,>® who studied a different
vinyl benzene, do not correlate with our results. At first, one
might find this conclusion rather surprising given that the
differences between the vinyl benzenes that we have studied
might not seem to be pronounced (i.e., “simple” substituent
change; CN — OMe — Br, Chart 1). However, as illustrated
with the respective two-photon excitation spectra, these subtle
structural differences have a marked effect on spectroscopic
transitions and the energies of the corresponding states. With
respect to 0, this molecule-specific solvent-dependence is again
best seen through eqs 2 and 3. The virtual state key to the two-
photon process is a linear combination of all states in the given
system. As such, substituent-dependent changes in electronic
structure will be manifested in this virtual state. For a given
molecule at a given irradiation wavelength, some states will be
more important than others in the linear combination that defines
the virtual state.®3157 In itself, this provides a sufficient
foundation to explain intrinsic, molecule-dependent solvent
effects on o.

2.3.4. 0 Values. Using data recorded from CNPhVB as a
standard, 0 values for BrPhVB and OMePhVB at 800 nm were
obtained in toluene using the singlet-oxygen-based techniques
described in this report (Table 3). The 0 value for BrPhVB
thus obtained is identical to that obtained in a previous study
using an independent optoacoustic-based measurement.** These
data can then be normalized using our relative solvent-dependent
0 values to yield two-photon absorption cross sections (in GM
units) for our vinyl benzenes in each of the solvents examined
(Table 3). Using the spectral profiles shown in Figure 4, one
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can then plot the full spectrum of the vinyl benzene in the given
solvent with ¢ values on the abscissa (see Supporting Informa-
tion for the 12 spectra pertinent to this study).

Conclusions

The data reported herein indicate that the effect of solvent
on the process of two-photon absorption by vinyl benzenes
depends intrinsically on the solute; even subtle structural changes
in the latter result in pronounced and seemingly random solvent-
dependent differences in the absorption cross section. Our
observations are arguably consistent with a model for two-
photon absorption in which the transition is seen to proceed
through a so-called virtual state that is a linear combination of
all states in the system. Thus, subtle electronic structure changes
in the excited state manifold can make the virtual state very
susceptible to the effects of the solvent in ways that depend
intrinsically on the molecule involved. Given the plethora of
states that define the virtual state for a given molecule, one
indeed may not find a systematic correlation between values of
0 and common macroscopic dielectric parameters used to
characterize solvents.

Our data reinforce the need for more sophisticated models
that can simulate the perturbing effects of a solvent in the two-
photon process, particularly with respect to how such perturba-
tions influence the virtual state. It is expected that continuum-
based solvation models will not be sufficient. Rather, one will
need to consider specific solvent—solute interactions, certainly
those that occur in the first solvation shell. To this end, hybrid
quantum mechanics/molecular mechanics (QM/MM) methods>®
provide one promising approach. With this methodology, it is
expected that the best results will occur when both the solute
and the first solvation sphere are treated quantum mechanically.
Furthermore, given the importance of the virtual state, it is
expected that traditional sum-over-states models will likewise
not be sufficient. Rather, methods such as response theory will
be more desirable because they accurately represent all states
of the system in a computationally tractable manner. The
combination of the QM/MM and response methodologies has
already been applied to the problem of calculating nonlinear
optical properties of solvated molecules,?®>° although more
clearly needs to be done certainly with respect to comparatively
large molecules in a range of solvents. It will also be essential
to computationally consider the vibronic profiles of the solvated
solute, and preliminary work has likewise addressed this issue
with respect to two-photon transitions.®

In conclusion, experimental and computational investigations
of solvent effects on two-photon optical transitions are seen to
provide a new dimension for the study of fundamental interac-
tions between light and matter, and how such interactions can
be perturbed at the molecular level. Moreover, the results of
such studies will directly influence projects ranging from the
two-photon-based creation of images to two-photon-initiated
chemical reactions, both of which are especially pertinent for
current efforts to study the behavior of singlet oxygen at the
level of a single cell.!617:61

Experimental Section

The instruments and equipment used are described in detail
elsewhere.3* Nevertheless, a short description of these tools is
provided in the Supporting Information for this report.

Two molecules were used as standards to calibrate the
excitation spectra recorded; Over the wavelength range 730—900
nm, CNPhVB in toluene was used, whereas 1,4-bis(2-methyl-
styryl)benzene (MSB) dissolved in cyclohexane was used over
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the wavelength range 610—750 nm. Key features of this
approach have likewise been published,***® and a short synopsis
is included in the Supporting Information.

The approach used to correct for background signals that
derive from the solvent has been published,®** and the data
pertinent for the present study are included in the Supporting
Information.

The solubility of CNPhVB, BrPhVB and OMePhVB was
good in both toluene and benzonitrile, somewhat modest in THF,
and quite low in cyclohexane and acetonitrile. The concentra-
tions of the solutions used in the two-photon experiments ranged
from ~2 x 107 to 2 x 10~* M. Data recorded from one-photon
experiments over this concentration range (see section 1) indicate
that solute aggregation does not occur.

Sensitizer Preparation. CNPhVB, BrPhVB andOMePhVB
were all synthesized via Horner—Wadsworth—Emmons reac-
tions. The synthesis of CNPhVB and BrPhVB has previously
been published,'®*3* and the approach for the synthesis of
OMePhVB is completely analogous. Data used to characterize
OMePhVB are included in the Supporting Information.

Materials. Toluene (=99.5%, A.C.S spectrophotometric
grade), cyclohexane (=99%, A.C.S spectrophotometric grade),
benzonitrile (99.9%, HPLC grade), acetonitrile (=99.5%, spec-
trophotometric grade) and THF (99.5+%, spectrophotometric
grade, inhibitor free) were all purchased from Sigma-Aldrich
and were used as received. MSB (=99%, Fluka) was used as
received without any further purification.

Experiments performed in THF can be problematic. We have
found that results can depend significantly on the age of the
THF used, and on whether or not a stabilizer is present in the
solvent (i.e., commercial THF is sometimes supplied with a
radical trap). Our experiments were performed with fresh THF
that did not contain a stabilizer. We ascertained that solute
degradation did not occur during the course of our measurements
in THF, or any other solvent.
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