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Dynamics of 4-Benzylamino-7-nitrobenzofurazan in the 1-Propanol/Water Binary Solvent
System. Evidence for Composition-Dependent Solvent Organization
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We report on the fluorescence lifetime and rotational diffusion dynamics of 4-benzylamino-7-nitrobenzofurazan
(BBD) in a series of 1-propanol/water binary solvent systems. The fluorescence lifetime of BBD increases
monotonically with increasing 1-propanol concentration. The rotational diffusion dynamics of BBD also vary
with solution 1-propanol content, but this variation is not monotonic. Comparison of the BBD rotational
diffusion time constant to solution viscosity and 1-propanol composition reveals the presence of a solution
composition dependence of solvesblute interactions, with a relative decrease in solvaotute interaction
strength for solvent system compositions where the 1-propanol/water azeotrope is known to exist. These data
point collectively to the existence of microscopic heterogeneity in these binary solvent systems.

Introduction

The interactions between dissimilar molecules in the solution
phase have been the subject of a great deal of study because of

the importance of such interactions in processes that include NH
chemical separations, synthesis, and both heterogeneous and

homogeneous catalysis. In all of this work, the common /N\O
underlying issue that has been most difficult to address is the =\
existence, persistence length, and characteristic time-scale of

local heterogeneity. We have been investigating micellar o’/N\\o

system&~> and have found that the composition of the solutions
from which the micelles are formed can have an influence on
the resulting micelles. In an effort to understand these effects
and in a larger sense to determine whether solution-phase
heterogeneity plays a role in the solutions that we use, we have

ZFUd'EI’d ;[jhgz "fe“".‘e a?'i motlonall /dyr1tamtl)gs ofa (I:hrotmop?ore We have investigated the 1-propanol/water solvent system to
ISSolved in a Series of 1-propanoliwater binary SOVent SyStems.,,jerstand whether there is discernible local heterogeneity in

A variety of spectroscopic methods have been utilized {0 s 5y stem. Our data show that there is indeed local heterogene-

fp:robe solutlon-lg_)fha_se systegns, |n|clud||ng vibrational relax8tN, i in this binary solvent system and that the characteristic
uorescence lifetime, and molecular reorientation measure- o istance time of this transient organization lies in the time

mj%r:tig::zén”tgﬁnig'gﬁ szSnri‘;;/t?oChofneg;;)ul::ﬁqgmz-:ﬁszht;i?] window between the chromophore reorientation time (ca. 100

zylamino-7-nitrobenzofurazan (BBlgg/because of the properties Ps) _and |_ts fluorescence lifetime (s_everal_nanqseconds). our
yiar . ) proper reorientation data do not follow the simple viscosity dependence

of this chromophore and the wide use of its structural derivatives predicted by the DebyeStokes-Einstein (DSE) model (vide

I I ini i 37

in the study of micellar and lipid bilayer structurgs®" We infra), and the composition of the solvent system modulates the

study rotational diffusion due to the relatively high information  gyrengih of solventsolute interactions measurably. We find that
content of the experimental data and the established theoreticak,. o 1-propanol/water binary system, there is a range of

. . i i 5
framework that is available for interpretation of the d&t&" propanol concentrations for which the solvesblvent interac-

Whi]e the interpretation of fluorescence lifetime data is less 4onq are strong enough to alter the chromophore interactions
straightforward and more system-dependent, for the chro- i the solvent system. The range of 1-propanol concentrations
n;ophofrle that we usei_fhe_re, there r|1$ an elsw.‘bl,',Sh‘fad rtljeplendlen%r which this occurs coincides with the concentration range
of its fluorescence litetime on the “polanity” of the local 4 yhich 1-propanol and water are known to form an azeotrope.

i 4—37 . . . .
environmen£*3" The chromophore that we have chosen for o560 findings shed new light on the heterogeneity of the local
this work (BBD, Figure 1) is a member of a family of . :-cnmentin binary solvent systems.

chromophores with the 7-nitrobenz-2-oxa-1,3-diazol-4-yl (NBD)
group. These chromophores are known to exhibit absorption gxperimental Section

and emission band positions that are sensitive to solvent polarity, . _ _
causing them to be used widely as fluorescent probes in Materials. 4-Bezylamino-7-nitrobenzofurazan (BBD) was
obtained from Sigma-Aldrich, Inc. and used as received.

* To whom correspondence should be addressed. E-mail: blanchard@ 1-Propanol was acquired from CCl, Inc., and used as received.
chemistry.msu.edu. Water was distilled in house. The BBD concentration for all

Figure 1. The structure of 4-benzylamino-7-nitrobenzylfurazan (BBD).

biological and model membrane systet#is'é Shorter fluores-
cence lifetimes are observed with more polar solvents, making
these probes well-suited for studies of binary solvent systems.
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solutions was 1M. Solution temperatures were maintained water <—— 1-propanol
at 298 + 0.5 K (Neslab EX100-DD) for all time-resolved 1.0+ a
fluorescence lifetime and anisotropy measurements.
Time-Correlated Single-Photon-Counting Measurements. 08|
Fluorescence lifetime and anisotropy measurements of BBD in
a series of 1-propanol/water solutions were made using a time- 06k

correlated single-photon-counting (TCSPC) instrument that has
been described in detail previousfyand we recap only its

salient features here. The source laser is a mode-locked CW
Nd:YAG laser (Coherent Antares 76s), that produces 100 ps,
1064 nm pulses at a 76 MHz repetition rate. A Coherent 702-2
cavity-dumped dye laser is synchronously pumped using the
third harmonic (355 nm) of the Nd:YAG laser. The dye laser 0.0L

produces 460 nm, 5 ps pulsesaad MHz repetition rate using 14(')0(') *

emission
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Stilbene 420 laser dye (Exciton). Excitation power at the sample B

was=<1 mW average power for all measurements. Fluorescence 3200 - frequency (em’)

signals were detected using a Hamamatsu R3809U microchannel . b
plate photomultiplier tube with a Tennelec 454 quad constant 3100 -

fraction discriminator and Tennelec 864 time-to-amplitude 3000 |

converter and biased amplifier for signal processing. The

reference channel was delayed optically and detected using an —.; 2900 -

in-house-built fiber optic delay line. Fluorescence was collected X2

at @, 54.7, and 90 with respect to the vertically polarized E 2800_'

excitation pulse. Data were acquired, and the collection wave- 8 2700

length and polarization selector were computer-controlled using - -

a program written with LabVIEW v. 7.1. Lifetimes range from 2600

~800 to~6000 ps, while an instrument response function of 2500 |-

typically 35 ps fwhm is observed for this system. We did not -

deconvolute the instrument response function from the fluores- 24007 20 20 s %0 100

cence transients. i "
solution composition (wt-% 1-propanol)

Steady-State SpectroscopyAbsorption spectra were re- ) . . .

. : : Figure 2. (a) Absorption and emission spectra of BBD as a function
corded with 1 nm S pectral reso_lutlon using a Cary model 300 ofgl-propa(nczllwaterpsolvent system com?)osition. The absorption and
double-beam UV visible absorption spectrometer. Spontaneous gmission spectra shift to shorter wavelength with increasing 1-propanol
emission spectra were acquired with a Spex Fluorolog 3 concentration. (b) The Stokes shift of BBD as a function of 1-propanol/
spectrometer with both excitation and emission monochromatorswater solvent system composition (5% error). The dashed line is a best-
set to 3 nm resolution. fit regression of the data, yielding a slope of 0.28 éwt %.

Semiempirical Calculations.The permanent dipole moment
of BBD was calculated for the ground state)(&nd first excited
electronic state ($ using Hyperchem, v. 6.0, with PM-3
parametrizatiort®

for solvent ratios close to those for which 1-propanol and water
form an azeotrope.

Steady-State SpectroscopyAs a first step in the character-
ization of BBD in 1-propanol/water solvent systems, we consider
the solvent dependence of the chromophore steady-state absorp-
tion and emission spectra (Figure 2). The absorption maximum

We have been involved in the study of micellar systems using of BBD is shifted to shorter wavelengths with increasing
optical spectroscopic methods. Such studies require the incor-1-propanol concentration. This is an expected result since it is
poration of fluorescent molecules into micelles, a task that is known that as the polarity of the solution increases, the
not always straightforward. Owing to the typically limited absorption maximum shifts to the rét:3” While the physical
solubility of fluorescent probe molecules in agueous solutions, origin of the spectral band position dependence on solvent
concentrated chromophore solutions made with an alcohol polarity remains to be elucidated for this chromophore, these
cosolvent are sometimes used. Even for a small amount of ansteady-state data demonstrate that, on average, as the 1-propanol
alcohol in the micellar solution, there is a question of how the content of the solvent system is increased, the chromophore
micelles are altered by its presence, and this is an issue that wesenses this change in a proportional manner. This is not a
have addressed experimentdlly this work, we are concerned  surprising result, owing to the expected transient nature of local
with the intrinsic solution-phase heterogeneity that attends binary organization in the solution phase, and these data are consistent
1-propanol/water solvent systems. If there is, in fact, detectable with the fluorescence lifetime data (vide infra). Since the ground-
solution-phase heterogeneity in alcohol/water binary systems,and excited-state dipole moments are not being perturbed, the
such transient solution-phase organization could give rise to steady-state data can be thought of in the context of simple
unexpected partitioning phenomena in multicomponent solutions energy-level shifts.
in which micelles are formed. Our fluorescence lifetime and  Fluorescence Lifetime Measurements=luorescence lifetime
anisotropy measurements point to local heterogeneity with a data are useful for a variety of reasons. For some chromophores,
characteristic persistence time on the subnanosecond time scalsuch as BBD, the fluorescence lifetime is related to the polarity
in 1-propanol/water solutions. We find that the 1-propanol/water of the medium, analogous to the relationship seen for the BBD
system interacts with the chromophore BBD in a manner that steady-state spectra and solvent polarity. To the best of our
depends sensitively on the composition of the solvent systemknowledge, there is not an adequate mechanistic explanation
with the nominally weakest BBBsolvent interactions occurring  for the relationship between solvent properties and the spec-

Results and Discussion
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Figure 3. Permanent dipole moment magnitude and orientation for
S (top) and $ (bottom) BBD. These calculations were performed at

the semiempirical level using a PM-3 parametrization. Note that the
orientation of the permanent dipole moment changes little on excitation.
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Figure 4. Fluorescence lifetime of BBD as a function of 1-propanol
concentration.

SF T o

troscopic response of BBD, but there are still several interesting

points that can be discerned from these data.

Stevenson and Blanchard

fluorescence lifetime on the solvent system polarity, but we do
note that, even if there is discernible heterogeneity in the solvent
system, this structural heterogeneity is effectively averaged over
the lifetime of the $ state of BBD, thereby placing an upper
bound on the persistence time of any solvent system transient
organization (vide infra). With this information in hand, we turn
to a discussion of the fluorescence anisotropy data.

Molecular Reorientation. For the systems under study here,
fluorescence anisotropy transients are accounted for in the
context of molecular rotational motion. We obtain fluorescence
depolarization data experimentally by exciting BBD with a
vertically polarized light pulse and collecting the emission decay
transients polarized parallel and perpendicular to the excitation
polarization. These data are combined to produce the induced
orientational anisotropy functior(t),

1,0 — It

S (el U 0
1 (t) + 21,(t)
wherel)(t) andl(t) are the polarized emission intensities. The
chemical information contained in these data resides in the decay
time constant(s) oR(t) and its zero-time valuek(0). There is
a well-established body of theory for the interpretation of
R(t).3842 In principle,R(t) can decay with up to five exponential
terms, but for most chromophores, Chuang and Eisenthal’s
theory?® reduces to either one or two exponential decay
components, depending on the shape of the ellipsoid swept out
by the rotating moiety and the orientation of the chromophore
transition dipole moments relative to the rotational motion axes.
Experimentally, the most common result is the recovery of a
single exponential decay component R(t), and that is the
functional form of the data we have acquired for BBD in
1-propanol/water. The functional form dR(t) allows the
interpretation of our data within the framework of the modified
Debye-Stokes-Einstein model.
The modified Debye Stokes-Einstein (DSE) equation is

given by eq 2940

_ nVf

=g (2)

For many solvatochromic chromophores, the Stokes shift and wherey is the solvent bulk viscosityy is the solute hydrody-
emission band positions are related to the ability of the solvent namic volume? T is the temperatureks is the Boltzmann

medium to preferentially stabilize the chromophore ground or
excited electronic state. We observe for BBD that both the

constantf is the frictional interaction terrft andSis the solute
molecular shape factd?.The DSE model is limited in the sense

absorption and emission bands blue shift as the polarity of the that it does not account for the molecular nature of the solvent,
solvent system is reduced, while the Stokes shift remains yet for many systems, it provides remarkably close agreement
constant or at most increases negligibly with the change in with experimental data. The success of this model lies in the
solvent polarity (Figure 2b). These data suggest that both thefact that the recovered time constant averages over the many
S and S electronic states of this chromophore are relatively fast molecular interactions that are collectively responsible for
polar, the $ state being more polar than the. Specifically, solvation. It is only when the characteristic time constant for
there appears not to be any site-specific solvaolute interac- the molecular solventsolute interactions becomes on the order
tion that gives rise to the preferential stabilization of either the of the reorientation time constant that one observes a substantial
S, or § electronic states. This interpretation is supported by contribution from discrete intermolecular interactions. When
semiempirical calculations of BBD (Figure 3) indicating the S  experimental values diverge from the modified DSE model
dipole moment to be 8.9 D and the 8ipole moment to be predictions, the discrepancy between experiment and model is
10.9 D. The finding of negligible change in the Stokes shift typically attributed to deviations in the solvent viscosity, solute
with variations in solvent system is important in the sense that hydrodynamic volume, frictional boundary condition, or solute
we will not have to consider solvent-dependent changes in the shape factor. Given the experimental information available in
reorientation dynamics of BBD associated with large-scale most cases, it is not possible to clearly distinguish which of
variations in the electron density distribution of the3%%1 The these quantities accounts for observed behavior. Schsaitite

S, lifetime increases as the bulk polarity of the solvent decreasesinteractions dominated by frictional interactions or a discrepancy
and, in all cases, decays as a single-exponential (Figure 4).between the microscopic and bulk solvent viscosity usually are
Clearly the data we present here do not provide sufficient taken to account for deviations in the trends predicted by DSE,
information to elucidate the basis for the dependence of the whereas nonmonotonic variations ig, with solvent system
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220+ a TABLE 1: Solvent Association Calculations forV = Vope
— 200 + o ; g + nVsolventa
S 180¢ . . o ® wt%  V(calcd from \Y Torcalcd 7o exptl
] }4618 L . T propanol exptldata) n (Vesp + NVeon) (ps) (ps)
B r o
g 120 . o« ° * 100 388 3 425 200 202 3
S 1000 88 321 2 355 191 20%1
g gof § 76 271 1 285 171 196 1
R 65 227 0 215 137 17%2
= 40 . . . . ' 55 214 0 215 139 166 1
0 20 40 60 80 100 45 208 0 215 135 156 1
solution composition (wt-% 1-propanol) 35 236 0 215 124 16x 4
26 272 1 285 144 164 1
220 - 17 270 1 285 117 1321
~ 200} b 8 261 1 285 87 921
S 180} aValues ofV calculated from experimental, times are shown in
g 160 the second column, and from these data we can estimate the number
E 140 of 1-propanol molecules that reorient with the BBD chromophore. From
2 120 this estimate ofi and experimental viscosity data (from refs-3%7),
< 100 we calculate a model,.
Q
i 80
=
% 46;8 ) ) ) , ) of molecular-scale events. To address whether the reorientation

(=1
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(=]
S
(=3
[=2)
(=]
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g

data that we report here do, in fact, vary monotonically with
solution composition (Wt-% 1-propanol) solvent viscosity, we must understand how the viscosity of the
Figure 5. (a) Fluorescence anisotropy decay tim@3 &s a function 1-propanol/water Sy§tem dgpends on compos!tlon. Thgse data
of solution 1-propanol concentration and the calculated model times have been tabulated in the literaté?e;” and there is a nonlinear
(®) from Table 1 for comparison to the experimental data. Error bars dependence of solution viscosity on solution composition. Using
are indicated on individual data points and are the result of at least six the DSE model parameters given above and the literature data
ipdivic_iual determinat_ions of each point. (b) Calculateo_l DSE reorienta- gn 1-propanol/water viscosity, we show the calculatgtimes
Compbmcn T Sl SaCepenonceon - ovapare consshason FUE 5b. Clealy the calculated resuls do ot agree el
reflects variations in the solution bulk viscosity as a function of with the e_Xpe”mental data. At high 1-propanol concentrations,
1-propanol concentratiof 5’ the experimentat,, values are much larger than the calculated
values, and for 1-propanol concentrations in the region of 30%,
properties such as composition or bulk viscosity typically imply there is an anomalous spike in the experimental reorientation
an important role for molecular-scale processes. The shape ofdata which is not reflected in the calculations. The experimental
the volume swept out by the probe molecule during reorientation reorientation data cannot be understood wholly in the context
is, in general, ellipsoidal and is described by Perrin’s equatfons. of solvent properties, and the physicochemical phenomena that
In many cases, especially where single-exponential anisotropygive rise to these data operate on a time scale commensurate
decays are recovered experimentally, the actual volume sweptwith the measured anisotropy decay time(s).
out by the reorienting moiety is not simply that of the probe =~ As noted above, the hydrodynamic volume of BBD is
molecule. The hydrodynamic volume of the reorienting moiety calculated to be 215 %using Edward’s mode® This model is
can deviate from model predictions due to preferential, relatively well established and yields results that are consistent with the
long-lived solvent-solute interactions (e.g., H-bonding), and reorientation dynamics of many chromophores in neat solvents.
there have been several accounts of such behavior in binaryThe experimental, nhonmonotonic deviations from the DSE
solvent system&’-54 model predictions are not associated with the calculated volume
We recover single-exponential anisotropy decays for BBD of BBD, but the total volume of the reorienting moiety can vary
in all 1-propanol/water solvent systems. Our data are consistentwith solution composition. It is possible that one or more solvent
with BBD reorienting as a prolate rotor, assuming the-SS, molecules (presumably propanol) are associated with the probe
transition moment lies in the chromophaoresystem plane along  molecule, yielding a reorienting species that has a larger
the long axis. We recognize that the orientation of the transition hydrodynamic volume than that of the chromophore alone. In
dipole moment may deviate slightly from this geometric axis this case, we describ€é = Vggp + NVsonens WhereV is the
due to the asymmetric substitution of the chromophore six- total hydrodynamic volume of the reorienting entitggp =
membered ring, but such an effect does not bear on the substanc@15 A3, Vsowentis the hydrodynamic volume of a solvent (1-
of our findings. We calculate the hydrodynamic volume of BBD propanol) molecule, and is the number of solvent molecules
to be 215 B4 T = 300 K, andf = 1 (stick limit). We have that are closely associated with BBD. Using Edward’s method,
not reported a value fo8 because of the uncertainty in the we calculateVsoyent = 70 A3 for 1-propanol, and within the
volume swept out by the reorienting chromophore because of context of this explanation, the added solvent volume required
the bulky amino-methylphenyl substituent. On the basis of thesefor consistency of the model with the dataris= 1 for low
quantities and using eq 2, we calculatgy = 51.9 ps/cP in 1-propanol concentrations, reducing to no added solvent volume
the stick limit. We show in Figure 5a (open circles) the for solution compositions where 1-propanol and water are
dependence of the experimental reorientation time on the solventknown to form an azeotrope, and then increasing to a high value
system composition. These data do not follow a trend that is of n = 3 at the highest 1-propanol concentrations (see Table
monotonic with respect to the solvent system bulk composition, 1). We note that the agreement between this model and the
and it is this point that requires a more detailed treatment.  experimental data is not exact, but there is excellent qualitative
As noted above, trends in reorientation data that scale linearly agreement (Figure 5a, solid circles). We believe that the
with solution viscosity can indicate molecular motion being discrepancies between model and data lie in the fact that we
mediated by processes that are averaged over a large numbehnave assumed simplistically that a solvent is either interacting
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strongly enough to reorient with the BBD chromophore or not. and indicates that the persistence time of any local organization
This assumption can be re-expressed in terms of the averageas less than nanoseconds. Modeling the reorientation behavior
lifetime of the solventsolute interactions, where we assume of BBD in the context of the modified DSE model indicates
that the 1-propaneiBBD interaction persists for a time interval  that, for higher concentrations of 1-propanol, the experimental
that is longer, on average, than the anisotropy decay time of anisotropy decay times are significantly longer than expected.
the reorienting moiety. If this is not the case, then we would Because of the nonmonotonic nature of the reorientation data,
expect in this model to recover solvent-related “additional we understand this anomalous behavior in the context of strong,
volume” that would be a fraction of whole solvent molecule- associative solventsolute interactions, the persistence time of
(s), and indeed, if we were to invoke this parameter, we could the interactions being on the order of the measured reorientation
achieve better correspondence between experiment and modekime. While strong solventsolute association has been seen
We do not have any experimental information, however, on the before>24-26 this is a particularly pronounced example of
lifetime of the 1-propanetBBD interaction, so we do not feel  solvent-composition-dependent interactions, and we note that
justified in pushing the model this far. It is also possible that the solventsolute interactions are weakest in the 1-propanol
our model is simply offset in its predictions due to a slight, concentration regime where azeotropes are formed with water.
systematic underestimation ¥f(e.g., failure to account for any It is clear that in the 1-propanol/water solvent system, there is
water that is bound tightly to the chromophore over all discernible microscopic solvent heterogeneity, the details of this
1-propanol concentrations). The fact that we observe suchtransient solution-phase structure depending sensitively on the
agreement with the functional form of the data over the entire composition of the solvent system.
range of solvent composition suggests that this model is
fundamentally correct. Acknowledgment. We are grateful to the National Science
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