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This paper reports measurements of static microscopic dielectric response of several dipolar solvents to charge
redistribution in a fluorescent probe. Contrary to recent predictions of dielectric theories and computer
simulations of bulk liquids, the observed dielectric response of most solvents conforms to the macroscopic
continuum description even at atomic distances, as if these solvents had no spatial intermolecular structure.
Such conformance is observed for several probes when the contribution of specifie poblent interactions

to the response is negligible. However, water, formamide, and glycerol exhibit anomalous responses even
though such a probe is used. We discuss a possible reason for the macroscopic-like behavior and a connection
between the anomaly and fluctuating structures formed by anomalous solvents near the hydrophobic surface
of the probe.

1. Introduction However, if we discard the cases where such obscuring factors
are important, we notice that the macroscopic continuum model
describes the measured microscopic energies of static dielectric
response of most dipofdrsolvents reasonably well. Such mac-
roscopic continuum-like behavior of solvents, which are mo-
lecular and structured in nature, results in the following paradox.
According to rigorous theoPy>” confirmed by liquid
theories?627:36.58molecular simulation&%60 neutron scattering
data8® and experiment¥} dielectric properties are intrinsically
related to solvent structure. Then, if the characteristic length of
solute charge redistribution matches that of the solvent structure,
response energies should strongly deviate from macroscopic

sponse4°preferential solvatiof? etc.) was also demonstrated. predictions. The paradox that deviations are expected but not
Molecular liquid theories and simulations were quite successful ©0S€rved was previously explained by the weak sensitivity of
in describing solvation energetics and can provide a detailed €XPerimental probes to solvent structure (due to the probes’ large
picture of dielectric solvation of many computationally afford- SiZ€ OF large characteristic scale of charge redistribution) or by

able systems. Yet, it has always been desirable to have simpleccidental compensation effects. _
and faster models. In this work, we demonstrate that such an explanation does

A simple macroscopic dielectric description of microscopic- Ot resolve the paradox for at least some probes studied pre-
scale phenomena is built into widely used models, including viously. Furthermore, we report measurements of static dielectric
quantum chemical programs. It has been applied to static and'€SPonse energies of dipolar solvents fo_r_a dielectric probe pro-
more compleX time-dependent phenome&#3However, even flavine, w_h_rch sh(_)uld be even more sensitive to solvent structure
in the static case, the question of the applicability of macroscopic than traditional dipolar or ionic probes. The largely quadrupolar
description at the microscopic scale remains controversial both ¢harge redistribution along the plane of the thin molecule of
from experimental and theoretical points of view. proflavrne (thicknesse 3.6 A) occurs on sfrructural_ Ie_ngth scales

Numerous experimental studies suggested good agreemen?f studr_ed solvents. Still, the macroscopic descrr_ptron works for
with macroscopic description, while examples of failure of Most dipolar solvents. Macroscopic-like behavior of so many
macroscopic description are also numerous. There may bedrff_erent soIvent_s observ_ed for several microscopic probes is
several reasons for such failure: Most experimental techniquesdifficult to explain by accidental compensation effects, unless
rely on measurement of solvent dielectric response to an there is some physics behind it. . _
electronic structure change in a solute molecule, which is used ~However, our data indicate that such physics may be quite
as a probe. Such molecular probes can be involved in a varietyCOMPplex. Measurements with our probe indicate that, unlike
of specific solute-solvent interactions, which may obscure and/ Most hydrogen-bonding solvents, water, formamide, and glycerol
or contribute to dielectric response. Furthermore, some physical€xhibit an anomalous dielectric response, which cannot be de-
parameters used to monitor dielectric properties may be morescribed in terms of their macroscopic properties even qualita-
sensitive to specific, nondielectric contributions than others. tively. We argue that the anomaly is related to solvent structure
Even poor approximations within the macroscopic description @nd its ability to form 3D networks of hydrogen bonds rather

In biology and chemistry, many reactions and interactions
between molecules occur in a solvent. At the most, relevant
molecular-scale electrostatic interactions are determined by
microscopic dielectric properties of the solvent. A variety of
methods, from equilibrium electrochemistiand time-resolved
nonlinear spectroscopy!’ to theory¢-37 and computer simula-
tions combined with quantum chemical calculatié®s8 pro-
vided many insights into inherently complex solvation phe-
nomena. The importance of other nondielectric contributions
from specific solute-solvent interactions (hydrogen bontds,
dispersive interaction$;*” electrostriction and nonlinear re-

may cause apparent failure (Section 5). than to specific probesolvent interactions. But the relationship
cannot be explained by the existing nonlocal models (Section
* E-mail: mertze@mail.nih.gov. 2.2) of structured dielectrics, either. Finally, we suggest a
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hypothesis explaining the paradox and discuss the dielectric proflavine'
anomaly.

2. Methods \';' | 'I\'/

2.1. Experimental. Visible absorption and corrected fluo-
rescence spectra of proflavine (PF) solutions (concentration M
10uM) were recorded in 1& 10 mn? quartz cell in absorption dipole moment
(V-560, Jasco Inc.; Lambda 40P, Perkin-Elmer, Inc.) and change l

.39
+0.34e

fluorescence (FP-750, Jasco Inc.; Hitachi 850, Hitachi, Inc.) of dipole

spectrometers using standard procedures, as described previ-

ously8! Pressure dependence of the solvent reorganization Stokes shift
energy was monitored via emission and fluorescence excitation 1

(directly related to absorption) spectra in an SLM8000 fluores-
cence spectrometer equipped with a high-pressure cell (Aminco,
Inc.). Infrared spectra of PF solutions (concentratito mM)
were recorded in a variable path lengthlQ «m) Cak cell
(Specac, Inc.) with 1 crt resolution on a Nexus 670 FTIR 0 . P ' . -
spectrometer (Thermo Nicolet, Inc.). Spectra of pure solvents ° 18 2 z2 = »
were subtracted in all cases. The optical cells were thermostated v, 10%m

to at least+0.2 °C. Figure 1. (Top) Quadrupolar-like electron density redistribution of

s - . a dielectric probe, monocationic proflavine, caused by light absorp-

To en;ure that PF is in thg monocatlpnlc form in the ground tion. This rgdistribution rapidly \E)aries along the mo)llec?ﬂar plang
and excited state, PF solutions were titrated with 480, or and has a low dipolar component (1.2 Debye). It is obtained from
HBF,4 (up to concentration 0f-100 M) until no traces (to CIS/6-31G(d,p) quantum chemical calculations and then approximated
within 2%) of the other protonation forms were detected in the by changes in atomic charges. Filled and hollow circles illustrate
absorption and emission spectra in the 2800 nm range negative and positive changes in charges. The radius of each circle is
(spectra of the different forms are shifted %0 nm from each ~ Proportional to the change. (Bottom) Absorption and steady-state
other and have orders of magnitude different fluorescence emission spectra of proflavine in methanol. As descrlbed_ln thg text,

. . . - .~ the Stokes shift is related to the energyof the solvent dielectric
quantum ylelds). Further 10-fold or higher increase in aqd response to proflavine charge redistribution.
concentration did not affect the spectra. Preparation of PF in a
single, monocationic form was possible, because different on the absorption and emission spectra of the dye. In particular,
protonation forms have substantially differend palues (K1 the maxima of the absorptiory, and emissionve spectra are
= 9.7/12.7, i, = 0.2/1.5, and K3 ~ —0.5 for the ground/  related to solvent response via the equilibrium free energy gap
excited state of PF in waféj. lon pairs between PF and solution AG between the ground and excited states and the solvent
counterions were not detected in the spectra either. PF concenreorganization energys.6
trations were low enough to avoid aggregation.

emission absorption

Intensity, a.u.

Spectra of deuterated PF were recorded ¥ DHCOND, hw,~ AG + 4, + A, — M3 /2M,,
(formamide), CHOD, GHsOD, and SO(CH), (anhydrous
dimethyl sulfoxide) titrated with concentrated$0,, resulting hv,~ AG — i, — A+ Mg /2M,,
in >97% of titratable D atoms. These solutions were prepared
from PF hydrochloride deuterated by dissolving in4CH and hv, — v~ 2(4; + A9 — Mg f2M,, + M3J2M,, (1)

subsequent drying under vacuum.

Solvents of the highest commercially available purity were Here,hv, — hve is the Stokes shifth is the Planck’s constant,
used. Proflavine hydrochloride (CAS no. 952-23-8), acridine 1; = (1ia + Aie)/2 is the intramolecular reorganization energy of
orange hydrochloride hydrate, and coumarin-153 were purchasedhe dye, and, andMjs are the second and third moments of
from Aldrich. the absorption (a) and emission (e) spectra, correspondingly.

2.2. Theory.Spectroscopic Metho®ur spectroscopic evalu- Interpretation oAG ~ (hv, + hve)/2 related to the difference
ation of microscopic dielectric response energies of solvents isin solvation energies of the ground and excited states may be
based on the measurement of solvent dependence of thenontrivial, becausé\G may have nondielectric contributions.
absorption and steady-state emission spectra of a fluorescenfor example, significant contributions may be caused by changes
probe® Briefly, absorption of a photon leads to rapig{ fs) in the dispersion dyesolvent interactior§:66.67due to different
electron density redistributioftp, in the probe, Figure 1a. This  electronic polarizabilities of the ground and excited states or
transition between the ground state and the lowest singlet excitedby the interaction between charge redistribution and solvent po-
state is followed by much slower relaxation of the chemical tential pre-existing before the transiti&h872 The latter poten-
bonds in the dye and relaxation/reorganization of the solvent tial may by be caused not only by solvent polarization produced
(less than 10 ps). During such a reorganization, the dye canby solute charges but also by solulvent hydrogen bonding,
emit photons as a result of the reverse transition between thesolvent packing constraints near solute cavity, and so on.
same excited and ground states. Because the lifetime of the In this work, we focus on the solvent reorganization energy
excited state (3 ns) is 3 orders of magnitude longer than the 4, a characteristic of solvent dielectric response which is less
relaxation times, most photons-99.9%) are emitted after the  sensitive to such nondielectric contributiéh%’ 68 (Section 3
relaxation is complete. After the emission, the reverse charge and Supporting Information). In practice, some assumptions and
redistributionApe &~ —Ap, causes similar reorganization of the approximations are required to extragtfrom the spectra. To
solute and solvent, and the system returns to the equilibrium minimize potential errors introduced by such procedures (e.g.,
ground sate. As a result, the solvent dielectric response by extrapolation of the wings of the spectra), we used three
associated with the solvent reorganization has a substantial effectifferent parameters to monitdg (i.e., the Stokes shifts of the
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first moments of absorption and emission spedita,andMae; microscopic solvent structure and long-range correlations due
M, is related to the half-width of spectral band and, thus, also to electrostatic dipoledipole interaction§>56:76:80 As a result,

to 1¢).5° For qualitative evaluation, we used the Stokes shift of susceptibility tensop.s(r, r') depends on the overall geometry
the maximahw, — hve = 2(4; + 15)?86465and assumed that of the dielectric material, and electrostatics operates with a more
is similar in different solvents (this assumption is verified in invariant characteristic, response tenggir, r'), which relates
Section 3.3 and Sections 1.5S and 3.4S in the SupportingAP and the change in electric inductiohD. Because the
Information). For more quantitative estimates, we accounted for ensemble averag@®P,(r) dPs(r")Uover all solvent configura-

the contribution of the spectral moments by following a few tions does not invoke coarse-graining over macroscopic vol-
different procedures to extradl, and M3 (e.g., by direct umes, these dielectric relationships are microscopic and account
integration of the spectra or by fitting the band shape func- for both translational and rotational degrees of freedom of

tions$169. All approaches produced consistent results. solvent molecules.

Energy of Linear Dielectric Respondécontributions from The response tensors(r, r') is intrinsically related to
specific solute-solvent interactions are negligible, the solvent polarization fluctuations angs(r, r'), but the general form of
reorganization energys is related to the total energy of the this relationship is not knowff. Several models ofa(r, ')
linear, static solvent dielectric respofse 64 were used in the literature, but none of the existing models has

been rigorously justified for dipolar dielectrics at the microscopic
A=W-— W,, W= _%f dr Ag(r)Ap(r) scale (except_ for'a unif_orm isptropic dielectric).
Macroscopic Dielectric Continuum Model (DCM)he DCM

) ) o ) ) assumes that the solvent has no spatial structure on the length
Wis related to the changgy in equilibrium electric potential  gcale of the spatial variation &&(r), so thatyqs(r, ') can be
of solvent induced by solute charge redistributip. Unlike approximated bys(r, r') # x0us O(r — 1') (dep AndS(r — 1)
W, the solvent reorganization energghas no contribution from  are the Kronecker's symbol and Dirac’s delta functicisy. 681
solvent electronic polarizatiosp (Wop is similarly related o This approximation of classical electrostatics reduces the
the potentialA¢qp of electronic polarization induced bp, relationship betweeAP andAD to the local, macroscopic form,
Wop = —/ drAgopAp/2)242° This is because the solvent 47Ap = yAD. Thus, macroscopic electrostatics is expected to
electronic polarization is always in equilibrium with the solute  yyork well when the short-range part of the correlai®P(r)
charge redistribution due to relaxation time of the electronic OPs(r")in the solvent has a much shorter length scale than the
polarization ¢-0.1 fs) being much shorter than the time of characteristic length scale of the electric field variation.
photon absorption/emission-{ fs). As a consequence of such One may expect that the short-range part of polarization
separation of time scales; is independent of relaxational or fluctuationsdP,(r) 6Ps(r")Textends to at least the size of the
other time-dependent parameters of the sol¥eftNote also  gqvent molecule. In dipolar solvents, the correlation range may
that s values for absorption and emission are similar, because pe eyven larger because of strong intermolecular interactions

charge redistributions are similatga ~ —Ape, verified in resulting in intermolecular structuring of solvent molecules.

Section 3 and Supporting Information) awddoes not depend  garly treatments assumed a simple exponential form for the

on the sign ofAp. . short-range part which is proportional tole"!" (Lorentzian
Microscopic Dielectric Response and et StructureThe approximatiof®56:8284) The presence of more complex struc-

response energy/ can be also expressed in terms of the change (res in various dipolar solvents was demonstrated later by
in solvent polarizationAP induced by the change in solute gayeral approaches based on phenomenol&giaatl molecu-
electric field A& produced by the solute charge redistribution |5.26,27,36,58 theories, simulation®5° and neutron scattering
Ap in a vacuum (dih¢& = 4rAp)®e-7H73:7 data®® Then, the simple DCM approximation should not work.
1 The response tensor of molecular solvents is essentially
W= éf drAPAS& nonlocalyes(r, r') = xous 0(r — r'). For example, for a uniform
isotropic dielectric material, longitudinal parts gfs andyqs

The fluctuation dissipation theorem relates the induced polari- are related to the nonlocal isotropic response funcyn—

Nl " — L ' _ yr) 55,56,86 i

zation AP to solvent polarization fluctuationdP and A& via ;gljxsg/lg\(/re’nrt )reoryaur/:i(zrz’atri o)nDe)rgt(err ra)n. be exlnretglssegailﬁet,\e/\r/ms
the static susceptibility tensory.s(r, r') = 4n/TOP(r) ) 9 . ,,@C P . .
OP(r) 55577576 of Fourier transforma &(k) of A&(r) and the nonlocal isotropic

response functiog(r — r')?527.38.76.83.84.87

ATAPT) = 3 S Vaglt TIAC () ' = ho= = [ K79 = o A2
° 64r’ ° '

; S 2ap(r, T)ADK(r) 1
W= 7
641

[ dkx(WAS(K) (2)

whereJOdenotes ensemble average in the absence of applied
field A&, o, f =X, Y, z T is temperature in energy unitdD wherey(k) = 1 — 1/es(K), yop = 1 — 1leqp, andes(k) andeqp
is the change in electric inductionD = AE + 47AP = A& are the static and optical (high-frequency) dielectric constants.
+ E(AP) + 47 AP with E(AP) being the electric field produced In Fourier space, nonlocal response is associated with
by induced polarizatioAP; andys(r, r') is the response tensor.  k-dependence of(k), x(k) = const., Figure 6a. When lgth

In the static response of liquids, solvent molecules have component of the electric field produced by solute charge
enough time to sample space on the length scale of solventredistribution Ap matches the quasiperiodicity %) of a
structure, resulting in a continuum-like response of molecular structured solvent, a resonant dielectric response can occur. At
solvent33-3537Nevertheless, the spatial correlator of polarization the resonancey(k), and, thus, dielectric response energy, can
fluctuations retains information about pair correlations between exceed the macroscopic limit gf = 1 by several orders of
orientations of solvent dipoles and, thus, about short-range, magnitude.
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Nonlocal Dielectric ModelsThe response tensor near a solute within the B3LYP/6-3%-G(d,p) scheme. Geometry optimization
may be different from the bulk response tenggg(r — r'), without symmetry constraints of the charge= 0, total spinS
2ap(r, 1) 7 2ap(r — 1'), because the presence of the solute cavity = ¥/, state produced interatomic distances within 0.03 A of those
breaks the isotropic symmetry of the solvent. Several models obtained from the gas-phase electron diffraction Yagsuch
relatingyqs(r, r') to the bulk functiory(r — r') were proposed agreement is considered to be a criterion of applicability of a
or borrowed from plasma physié36.7The “smeared charge”  calculation scheme to metallocent¥p States£ = +1, S=
model assumes that solvent freely permeates inside the solutd), (z= 0, S=1/,), and ¢= —1, S= 1) were found to be the
and that bulk solvent properties are not perturbeg(r, r') = equilibrium ground states and were used in the dielectric
Kap(r — ') (eq 2)%5568384Finjte cavity size is accounted for  calculations.
by smearing solute charges around a volume of which the size Dielectric Continuum ModelAb initio quantum chemical
is comparable to the solute size. “Dielectric approximation” calculations of the solvent dielectric response energiesnd
assumes that the dielectric tensgy(r, r') is not perturbed by  Aswithin DCM were performed without adjustable parameters.
the solvent-impermeable cavityuf(r, r') = eqs(r — 1')).88 The The solutes were placed inside the cavities formed in the
“specular reflection” model derives the strongly perturbed dielectric continuum whose macroscopic optieg and static
dielectric functioneqs(r, r') = eqp(r — r') by assuming that  es dielectric constants of the surrounding dielectric continuum
solvent polarization is zero at the boundary of the solvent- were set to be equal to the experimental values for each solvent.
impermeable cavit§? However, application of such modelsto The solute cavity was built using the united atom model
dipolar liquids is purely heuristic, because none of them has approximating heavy atoms with spheres of radit@ A x a
been derived for dipolar dielectri€%>6.76 scaled with coefficientt = 1.4 (the other limito. = 1.2 of the

2.3. Calculations.Quantum Chemical Calculationab initio recommended ran§® a. = 1.2—1.4 was also tested). The effect
quantum chemical calculations were performed for spectroscopicof solvent reaction field on the solute wave functions was
probes proflavine monocation (PF) and coumarin-153 (C153) accounted using the integral equation formalism polarized
in the ground state and the first excited state and for electro- continuum model (IEFPCM) schem@103
chemical probe cobaltocene (&) in three redox ground Within the IEFPCM solvation scheme, the solvent reorgani-
states. We used the calculations to analyze experimental solvengation energyls of the optical transition between the ground
dielectric response energies within dielectric models and to state and the first singlet excited state of PF and C153 is

characterize PFGaussian program (versions 98 and 03, evaluated as the difference of two energie®:1921% (i) the
revisions A.11 and B.03, respectively) was u8ed. energy of the excited state with the excited-state equilibrium

Most calculations of the reorganization energies were done configuration of the self-consistent reaction field of solvent
within density functional theory (DFT) with the time-dependent Polarization, (i) the energy of the excited state with the
(TD) approacht to the excited states. Because TDDFT analysis nonequmbnum configuration p_f the slow (|_nert|a_l) polarization
of excited-state electron densities is not accessible within fixed at the ground-state equilibrium configuration. Both ener-
existing Gaussiarversions, the single-excitation configuration ~9ieS were calculated at the same fixed geometry (mainly the
interaction (CIS) approach was also used and compared withground-state gas-phase geometry; other geometries produced
TDDFT, whenever possible. similar results).

. . : The total energy of dielectric respon¥é for Cp,Co was
Calculations of PF were done with the 6-31G(d,p) basis set . .

and MPW1PW91 functional, which showed gooé pg)rformance determlned_as the ehergy differentis= 1/2[A_U(Zgjs+l’ ij
for excited states of various molecuR8s% Such calculations 0)9:5- AU(ZS;V_L S= 1.)] (whe_reAU(z, S) = Uges — Usow,
produced good agreement with experimental data on the vertical.U  andU=eY are energies of different redox states of,Cp
transition energy, transition dipole moment, and intramolecular in the gas phase and in solvent). DFT/B3LYP/6+&(d,p) )
and solvent reorganization energies (see Supporting Informattionc"’llcuIat'onS O.f ajl redox states were perforn_weld at the same fixed
Tables 1S and 2S). Usage of larger basis sets had a small effecgeometry optimized for the groun_d €0, S__/Z) state T the
on the reorganization energy (and on other characteristics),gas phase (usage Oi (: t1,S=0)or=-1,S=1)
because this energy is related to the energy difference for thegeOmetry pr?duced similar res‘l’JIts). .
same electronic state (Table 2S). CIS, time-dependent Hartree Nonlocal “Smeared Charge” Modelln lieu of quantum

Fock (TDHF), and TDDFT schemes produced similar charac- chemical programs implgm_enting r?°”'°°a' dielectric models,
teristics including the change of dipole moment upon the we analy;ed Fhe data within the simplest model of smeared
transition charges in uniform solvefi$:56.83.84Solvent-dependentV and

Calculati fPE| lecul | ith solvent As were calculated from eq 2 for the same probes as within
laC‘f ations o f'” Sug‘?rmo decutar Cog‘ﬁ’ EXes wi ﬁso ;’e”f DCM. The electric field in eq 2A&(K) = 4nAp(K)/ik, was
molecules were performed in order to model various €ettects o conveniently expressed in terms of charge redistribution

specific solute-solvent interactions (hydrogen bonding and K)76.83,84,87
X ) . A Ap(k)76:8384,
electron donofracceptor interactions). This modeling included

6-31G(d,p)/B3LYP>% calculations of the vibrational spectra 1 o 1 oo

of PF and the assignment of vibrations on the basis of A;==[""[x(k) = xoJAp(K)* dk, W= = ["3(K)Ap(K)* dk
experimental infrared spectra of normal and deuterated PF (this a a (3)
work) and with resonance Raman spectra of’Pf(Section

2S, Supporting Information). where Ap(K)? = .[OZT dp /7 sin 6 do |Ap(k)|%4r is Ap(K),

Calculations of the syn conformation of C153 were mainly averaged over angles of the spherical coordinate system.
done within the MPW1PW91/6-31G(d,p) scheme which dem-  The primary analysis reported in Table 1 and Figures 5 and
onstrated good performance for excited states of coum#ins. 6b used no adjustable parameters. The available response
The CIS/6-31G(d,p) scheme produced similar solvent reorga- functionsy(k)'s of bulk dipolar solvents were taken from ref
nization energies (uniformly 1.5 times higher for all solvents) 58 and used without modification (a few sugtk)’s are shown
and was used for calculating the electron density redistribution. in Figure 6a). The electron density redistributions were calcu-

Calculations of CgCo in the eclipsed conformation were done lated at fixed gas-phase ground-state geometries of PF and C153
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[Ap = (p(S) — p(S)] and ¢ = 0, S= Y,)-state geometry of is small (~60 cnt?), as indicated by QCC of solvated PF
CpCo [Ap(r) = p(z=0,S=1,) — p(z= +1, S= 0)]. We (Section 1.6S in Supporting Information).

used solvent-independeip = Ap(eop = 2.05kst = 37) Reorganization of Solvent and Specific Solvent Effects.
obtained within the nonequilibrium IEFPCM/CIS/6-31G(d,p) for (4) Most photons £99.9%) are emitted by the dye after
PF and C153 and within the equilibrium IEFPCM/B3LYP/ dielectric relaxation of most solvents is complete, thus energy
6-31+(d,p) for CpCo solvation schemes (Figure 6b,c). We also of static dielectric response is measured as confirmed by
verified that the choice of\p does not affect the semiquanti- auxiliary experiments (Supporting Information Section 3.3S).
tative results obtained for the smeared charge modgl (  (5) The main 90% contribution to the dielectric response comes

obtained from gas-phase calculatiolg(eop = 1, €t = 1), the from free rather than bound solvent (most solvent molecules in

equilibrium solvation scheme, solvent-dependApleop, €sy), the first solvation shell do not form hydrogen bonds with the

or Ap(CpCo) = p(z= —1,S=1) — p(z= 0, S= 1/,) were dye) as estimated by QCC (Table 1S and Section 1.7S in

tested). Supporting Information). (6) Reorganization of the ehgmlvent
Previous applications of the model used adjustable parametershydrogen bonds that do form is small: Calculatedalues are

to account for uncertainties in the model parametefgs3-85.87 similar for isolated and solvated PF and for PF in the

In an attempt to improve predictions of the model, we used supermolecular complex with several solvent molecules (prob-
similar adjustments and modified the primary analysis in three ably because the change in electron density at the bonding H
ways: (a) Spatial extent of electron shells is somewhat atoms is small, see Figures 1 and 6¢) (Table 1S in Supporting
dependent on the particular method of quantum chemical Information); the absence of the H/D isotope effect on the fine

calculations. Therefore, we varied the effective size Ap(t) vibronic structure of absorption and emission spectra associated
of the probes by using the Gaussian smearing fund{igrwith with  R—H(D) vibrations indicates a negligible contri-
the same-for-all-solvents adjustable si&ze bution from the dye-solvent hydrogen bonds (Section 3.5S in
Supporting Information). (7) Only small effects of PBolvent
Ap(r,a) = f dr'Ap(r)f(r —r') interactiorls on the PF elecf[ronic structure and on its chgnge
upon excitation were found in QCC of the ground and excited
— ~3/2,-3 Y922 () < A < states of PF in the supermolecular complex with several solvent
f(r) = (2m) "a “exp(ri2a) (0 < a =) ) molecules (Table 2S, Sections 3.4S and 3.6S in Supporting
Note thatAo(r, a— 0) = Ap(r). Information). (8) We found no indication of specific solvent

effects on the PF electronic structure that would be present in

(b) Response functions somewhat depend on particular | vent 4 absent | | ) PE
approximations of charges of the solvent molecules used for nonanomaious solvents and absent in anomalous ones: @)

their derivations. To test the sensitivity of the results to peak infrared spectra were similar in different solvents (Section 25),
heights ofy(K) (i.e., tox(k) in the medium and largkrange), (b) '[I’anS.ItIOI’I.deO|§ moments and t'he fluorescence quantum
the nonlocal part of the response functiorg) — #(0) was yield varle_d little with solvent a_nd did not correlate v_v!th_the
reduced by the same-for-all-solvents fadoy (k, b) = %(0) — Stokes shifts and values (Section 3.6S), (c) the eqU|I|br_|um
[x(K) — 2O)}/b, (1 < b < w). energy gamG between the glround and e.xcned states did not
d correlate with the Stokes shifAG approximately decreased
with the optical dielectric constaag,, of the solvent, indicating
the expected significant contribution from dysolvent disper-
sion interactions, see Figure 5S in Supporting Information).

(c) We also tested the Lorentzian approximation introduce
in earlier treatments as a smhlhpproximatiorf>82-84 » (k) =
1= €pp + (€op — €5)/(1 + 12). In this case, the same-for-
all-solvents correlation length was used as the adjustable
parameter.

Finally, for consistent comparison of the nonlocal and DCM
models, we also performed DCM calculations within the  4.1. Experimental. Figure 2 shows that the Stokes shift of
approximations of the smeared charge model, that is, we setPF measured in non-hydrogen-bonding solvents correlates with

4, Results

x(K) to its macroscopic valug(k) = x(0). the solvent reorganization energ§? calculated within DCM
o coupled with quantum chemical calculations. A single, dashed
3. Probe Characterization curve fits the data points for all solvents. This curve is a

Our auxiliary studies indicated that solvent dependence of prediction of eq 1 with quantum-chemically calculated solvent
PF reorganization energy in all studied solvents (including 4s intramoleculari; reorganization energies, and measured
anomalous ones) is determined primarily by solvent dielectric SPectral momentsl, andMs. Such an initial prediction produced
properties rather than by probe- or solvent-specific effects. & reasonable description of the data and, then, was refined by
Briefly, these spectroscopic (visible and infrared) experiments & slight adjustment ofs, 4i, M, andMs within their experi- -
and quantum chemical calculations (QCC) detailed in the mental errors and uncertainties of calculations by fitting with
Supporting Information showed the following. eq 1 as described previouslyIn particular, a scaling factor

Reorganization of PF Geometry.(1) Contribution to the  correcting the calculated$® was introducedis ~ 1.25.%.
reorganization energy from a shift of dissociation equilibrium The corresponding data on reorganization energies are sum-
upon the optical transition was negligible, because PF was in marized and complied in Table 1 and Supporting Information
the same protonation form and did not form ion pairs in the Table 3S and Figure 6S.
ground and excited states (Section 2.1). (2) The structure and The Stokes shifts in linear H-bonding solvents (such as
size of the dye change little upon transition, indicating a negli- alcohols) also correlate with calculatégvalues (dotted line),
gible contribution from energies associated with the formation but with the scaling factor and reorganization enetgy A; +
of the dye cavity as indicated by QCC (Supporting Information 4s slightly lower than for non-H-bonding solvents (probably
Section 3.2S). (3) Intramolecular reorganization enérgwries because the cationic PF accepts a weak H-bond from a solvent
little from solvent to solvent (by less than 3%/4f~ 900 cnT?) moleculé®).

(Sections 1.5S and 3.4S in Supporting Information); and However, the Stokes shifts observed in branched H-bonding
coupling between the intramolecular and solvent reorganization solvents exhibit deviations from the correlations established
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Figure 2. The Stokes shift of proflavine in different solvents at°ZD temperature, °C

vs the macroscopic solvent reorganization enéiy calculated from Figure 3. Effects of temperature and solvent isotopic H/D substitution

the dielectric constants of each solvent within the TDB#jliantum on the measured reorganization enefggf proflavine. Points along
chemical approach. (1) methanol, (2) acetonitrile, (3) nitromethane, (4) the left-pointing arrows refer to supercooled solvetsias obtained
DMSO, (5) tetramethylene sulfoxide, (8)-methyl formamide, (7 from eq 1 using the measured spectral momahtandMs and Stokes

ethylene glycol, (8) 1,2-propanediol, (9) 1,3-propanediol, (10) 2-butanol, ghi; The isotopic substitution of hydrogens that form H-bonds leads

and (11) acetone. For glycerol, the Stokes shift extrapolated to infinite ~2, 1, and 0% highets than in nonsubstituted water, formamide,
lifetime of the excited state is plotted (Supporting Information, Section 44 methanol, respectively.

3.3S). Other data points show previously studied solVéritke dashed
and dotted lines show predictions for non- and linear H-bonding liquids, TABLE 2: Slopes of Measured and Calculated
correspondingly, based on the dielectric continuum model/TDDFT Dependencies of Reorganization Energies on Temperature
calculations ofi% and the intramolecular reorganization eneig. and Pressure for Proflavine

The region forbidden within the dielectric continuum model is estimated

cal cal
on the basis of the macroscopic limits far= c andey, = 1.8 (water d{/fﬂ-a d’Iglld-l; dﬁ/dP d’}sl /dplb
has one of the lowest, ~ 1.8 for liquids at ambient conditions). The solvent cm VK cm /K  cmtkbaf  cm/kba
measured.s's for water, formamide, and glycerol (obtained fromeq 1  water —0.84+ 0.03 0.05 5 13
and measured spectral moments) a6, 1.2, and 1.3 times higher acetonitrile 0.8:0.2 0.14 35 23
than the values expected from their macroscopic dielectric constants. methanol 1.32t 0.02 0.11 H5 27

DMSO 1.20+ 0.02 0.36

TABLE 1: Performance of Dielectric Models against formamide 0.59t 0.02

Measured Energies of Solvent Dielectric Respon3e

aThe reorganization energidss and their experimental statistical

local nonlocal errors measured & = 1 bar. Systematic uncertainty il/T asso-
x=x(0) x = x2(K) ciated with temperature-dependent spectral band shapes0i§
macroscopic DCM from molecular cmYK. It is estimated on the basis of different values obtained by
model simulations different procedures of evaluating; Section 2.2°The solvent

solute in cavity smeared chafgesmeared charge  reorganization energjs® is calculated within TDDFT/MPW1PW91/
6-31G(d,p)/IEFPCM scheme witlh = 1.4 (Section 2.3)¢ The reor-

Ax/x X AX/R X AX/R X ganization energiekss and their experimental statistical errors measured
proflavine 0.05 0.86-1.07 0.11 1.0 1.33 7 at 20°C.
coumarin 158 0.22 0.56-0.76 0.23 1.3 0.89 7
cobaltocen¢  0.01 0.85-0.97 0.01 12 014 17 different dependencies on temperature, solvent isotopic substitu-
aFor a good modelAx/X <1 andX ~ 1. Here,AX = Xmnax — Xmin tion, and cosolvent concentratiét.Specifically, the measured
andx are maximal variation and average values of ratie Uc@/U of reorganization energy = 4; + s in nonanomalous solvents

calculatedU® and measured) energies of dielectric response for  increases with temperature, as shown, for example, for methanol
solutes in a set of nonanomalous solvetis= A for proflavine and and dimethyl sulfoxide (DMSO) in Figure 3 and Table 2.

et — b X - : _ [
coumarin-1531 = W for cobaltocene)? DCM calculations without - 1 ever it decreases with temperature in water and weakly
cavity were performed using the nonlocal smeared-charge model but

with the DCM response function(k) = y(0) = y; Section 2.3¢ Set of depends on temperature in formamide.

solvents: acetonitrile, DMSO, acetone, methdddf. Set of solvents: H — D isotopic substitution of solvent and PF hydrogen
acetonitrile, DMSO, acetorié? ¢ The lower and upper bounds cor- atoms capable of forming hydrogen bonds@-and HN atoms;
respond too = 1.4 and 1.2, respectively; Section 2.3. n= 1, 2) has a very small effect dnmeasured in nonanomalous

non- and linear H-bonding solvents (e.g., for DMSO and

within DCM for other studied solvents (Figure 2). Such methanol,A increases by~5 cml, see Figure 3). This is
deviations are anomalously high in water, formamide, glycerol, expected on the basis of a very small isotope effect on the
and ethylene glycol. Even if both non- and linear-H-bonding macroscopic dielectric constants of solvents. However,
solvents are included in the correlation, deviations of water, increases by-18 cnt! upon H— D substitution in formamide.
formamide, and glycerol exceedAthe deviation of ethylene  The solvent isotope effect becomes even more anomalous in
glycol is~2.30 (o is standard deviation). Note that we obtained water (-35 cnt?).
similar correlations and deviations by using the absorption or  The isotope effect ih may be caused by changes in dielectric
emission bandwidths to monitor reorganization energy in the reorganization of the solvent, PF molecule, or-RBlvent
studied solvents (the second momeMs's of the spectra  hydrogen bonds. However, we believe that the observed effect
increased monotonically with increasing Stokes shift). in water and formamide is primarily related to an anomalous

In the anomalous solvents, the reorganization energy has notsolvent dielectric reorganization on the basis of the following:
only abnormally high absolute values but also qualitatively (i) The substitution has no detectable effect on the fine
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Figure 4. Measured dielectric response energies in different solvents
VS macroscopic energies calculated within the dielectric continuum
model similarly to PF (Figure 2). (Left) Solvent reorganization energy
As of dye coumarin-153 (data of ref 11) with dipolar-like elec-
tron density redistribution (dipolar componer#t.5 D). The straight
line is a fit. Aromatic solvents and solvents with bulky nonpolar chains

are omitted from the original data, because these solvents are suspecte

to be prone to “nonideal” (specific) interactions with the aromatic solute

C153. Also omitted are nonpolar solvents that have high quadrupolar

moments and may not obey the macroscopic med@ight) Energy
of the total dielectric respond# of the redox probe cobaltocene with
ionic-like charge redistribution (the data adaptédrom ref 1).
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Figure 5. Measured solvent response energies of dielectric probes in
several solvents vs microscopic response ener@ﬁé's and We!
calculated within nonlocal smeared-charge model. Solvents are num-
bered according to Figure 2: (1) methanol, (2) acetonitrile, (4) DMSO,
(11) acetone. x) Cross symbols mark solvents whose “measured”
energies were generated on the basis of the macroscopic prediétions.
Aga' and W are calculated from bulk dielectric response functions
x(K) of the solvents and charge redistributitep(k) of the probes (Figure
6b,c). Although the microscopic model cannot predict exact values of
és and W due to intrinsic uncertainties of the model parameters, we
xpect thatt™ and W' should be proportional tas and W. A few
percentage point changes of measured valuésafidW with solvent
vs tens to hundreds of percentage point changeig"ij)fand weal
suggests that the model does not correlate with the data (Table 1).

~ 5 cm Ykbar and d/dT ~ 1 + 0.6 cnmY/K (Table 2). Small
discrepancies between measured and calculated derivatives may

spectra of PF in the studied solvents, indicating that reorganiza-Pe associated with small systematic errors in experimental

tion of the PF molecule and Pfsolvent hydrogen bonds
contributes little to the isotope effect oh (see Supporting
Information, Figure 4S). (ii) The same increasé. iis observed

in both non- and linear H-bonding nonanomalous solvents (e.g.,

DMSO and methanol, see Figure 3). (i) Thi$ cn ! increase

values and/or with solvent molecules forming hydrogen bonds
with PF whose small contribution tbs (~10%, Section 3.5)
may have different pressure or temperature dependence.

If the cavity effect is neglected, the model still produces
reasonable absolute values of the response energies and slightly

in 1 seems to be related to the intramolecular reorganization poorer solvent variatiomAx/X (smeared charge model with
energy, as is the case with non-H-bonding solvents such asmacroscopig(k) = x(0), Table 1).

DMSO, which are not subject to substitution, so the solvent
should not contribute to the isotope effect on

Nonlocal Smeared Charge Moddlhis model produces no
agreement with the data for either anomalous or nonanomalous

No anomaly was observed in the pressure dependence ofsolvents at reasonable values of the adjustable model parameters

the reorganization energy in the-@ kbar range. The depen-
dence was weak and linear (the slopé&g ~ 1, 9, and 3+
5 cnrYkbar in water, methanol, and acetonitrile, respectively,
were small compared te-1000 cnt! solvent reorganization
energies).

4.2. Dielectric Calculations.Macroscopic Dielectric Con-
tinuum Model. The model reproduces measured dielectric

(Table 1, Figure 5). Even if the model inputs are artificially

modified with adjustable parameters beyond the reasonable

range of values, the model cannot describe dielectric response

energies and their solvent dependence at the same time.
Specifically, without the adjustable parameteas{ b = 0,

eq 4), the model overestimates response energies for non-

anomalous solvents by more than an order of magnitude,

response energies without adjustable parameters not only for)hga'/,l5 > 1. More important, solvent-to-solvent variationins

PF but also for two other dielectric probes in nonanomalous
solvents (Table 1, Figures 2 and 4). The ratie= 1L/ of

also too large Ax/x ~ 1.
Reasonabléx/x (but still higher than for DCM without any

TDDFT-calculated and measured response energies is close tQavity) can be achieved only at unreasonable values of

unit to within a small uncertainty o£20% (somewhat lowex

for C153 is probably due to systematically overestimated
experimentals29). This uncertainty is associated with intrinsic

uncertainties in the definition of the solute/solvent interface
(scaling factora) at the microscopic scale and uncertainty of

parameters andb (e.g., when the size of the smearagd(r)
exceeds the molecular size by an order of magnitade 4—9

A) or when the nonlocal part of the response functiosk) —
%(0), is byb = 10—100 times lower than predicted by computer
simulations). However, then the ratidecomes too small, that

accurate than TDDFT quantum chemical scheme, predicts 1.4orders of magnitude. (The lower and the upper bounds of these

times higherA% for PF and C153). But these uncertainties
have almost no effect on the functional dependencés@fp,
€s) and W(es) on the solvent dielectric constants and related
solvent-to-solvent variation ir, Ax/X (Ax = maxX x} — min-
{x} is the maximal variation of within a given set of solvents).
The model predicts weak (compared to absolute valugs of
~ 1000 cm?) pressure (#*/dP ~ 25 cnr/kbar) and tem-
perature (°/dT ~ 0.2 cnTY/K) dependences for PF which
are in reasonable agreement with experimental values/dPd

ranges correspond to gpo and PF, respectively, with C153
in the middle.)

This model fails to describe the anomalous water solvent as
well. It overestimateds(water) by a factor of 20 for PF (Figure
5). The measured value can be reproduceg/(& — x(0)
reducedb ~ 100 fold, as discussed already. Although unavail-
able from simulationsy(k) of formamide and glycerol should
be qualitatively similar tg/(k) of methanol and water (Figure
6a), and the model should still fail.
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Figure 6. (a) Fourier transformed dielectric response funci¢q) =

1 — 1/e(k) of bulk dipolar solvents obtained from computer simulations
or theory of dipolar liquids (data from ref 58). For dipolar solvents,
the peaks iry(k) were attributed primarily to intermolecular solvent
solvent correlations. For all dipolar solvents studied in such simulations,
x(K) substantially exceeded its macroscopic lipgi0) = y < 1. (b)
Fourier transform\p(K) of charge redistributiosp(r) of the dielectric
probes proflavine, coumarin-153, and cobaltocence (eq 3). Within the
nonlocal theory (egs 2 and $%%a large contribution ta\p(k) of high

k > 0.5 A1 (wherey(k) > 1) leads to strong deviations of energies of

J. Phys. Chem. A, Vol. 109, No. 1, 20051

different probesl(~ 2 A for Cp,Co andl ~ 0.1 A for PF and
C153). Furthermore, such~ 0.1 A should be unphysically
short.

We verified that the model fails qualitatively regardless of
the choice of smearing function, uncertainties in approximations
of charge redistributions, and the origin of the simulgiék)
(e.g.,x(k) derived from dipole-dipole?6-197instead of charge
charge spatial correlations).

5. Discussion

5.1. Static Microscopic Dielectric Response of Most
Solvents Is Described by Macroscopic Dielectric Constants
without Adjustable Parameters. In this study, we analyzed
energies of the static dielectric response of dipolar solvents to
charge redistribution in three different solutes, because this kind
of energy is expected to be less sensitive to nondielectric
contributions from specific solutesolvent interactions than
other solvation-related energies (Section 2.2). Namely, we
spectroscopicaly evaluated the solvent reorganization ergrgy
in response to electron density redistribution in a fluorescent
probe, proflavine (PF). The quadrupolar-like charge redistribu-
tion of PF occurs on microscopit/k = 1—7 A length scale
(the dominating contribution is at’/k = 1—2.5 A) comparable
with solvent molecular size (Figures 1 and 6). Nevertheless,
we found that the solvent dependencelgffor most dipolar
solvents (with a few interesting exceptions to be discussed) is
described by macroscopic dielectric constants within the di-
electric continuum model (DCM) (Figure 2). Our auxiliary
studies indicated that specific dysolvent interactions con-
tribute little to such dependence.

The agreement for such a large number of solvents is not
likely to be a coincidence, and it is not a unique feature of our
spectroscopic probe. Similar analysis shows that DCM also
describes the dathfor another spectroscopic probe, coumarin-
153 (C153) with dipolar-like charge redistribution atk =
1—-25 A length scale (the dominating contribution is at-225
A)108 (Figure 6b). Like PF, C153 does not seem to have any
significant reorganization of specific solutsolvent interactions,
as confirmed by our data on the solvent isotope effect (Sup-
porting Information Figure 4S) and by simulatioffs.

Furthermore, DCM was demonstrated to work well for a
physically different process with ionic-like charge redistribution
at>5 A length scalé? (Figure 6b). The energy of the dielectric
response was measured via the difference of the redox potentials
of two successive redox reactions

+le

A — AT

1 _tle AZ2

for complex metal ions of several sizes (e.g., cobaltocene,

the solvent dielectric response from macroscopic predictions based onCp,Co). Such measurements for these rather big (radiiA),

%(0). More important, the unique structure ap(k) of each solvent

leads to strong solvent-to-solvent variation of the response energies

predicted by the existing nonlocal theories. (c) Electron density
redistributionsAp(r)'s of the probes. Isodensity surfaces &p =
4+0.0015 atomic units shown in dark and light shades were obtained
from CIS/6-31G(d,p)/nonequilibrium-IEFPCM and B3LYP/6-3G-
(d,p) ab initio calculations.

The Lorentzian approximation of the response funétiéh+s9

low-charge ¢ = +1, 0) ions were designed to reduce the
contribution from nonlinear effects, specific solut@lvent
interactions, solvent pre-existing potential, and other effects
obscuring the linear dielectric resporise.

In addition, computer simulations of solutes such as C153 in
molecular solvents also showed reasonable agreement of
simulatedis values with DCM?6:4345

Substantial deviations from DCM were observed mostly when

produced no sensible results either. Although the approximation specific solute-solvent interactions were significaht:10.17:49.109

reproduced satisfactory solvent variatiohx(Xx was similar to

It appears that these deviations are primarily related to probe-

the DCM smeared charge model, Table 1), it required unrealistic specific effects rather than to intrinsic features of the microscopic
assumptions: To fit the measured response energies for the samdielectric response of dipolar solvents. For probes and experi-
solvent (honanomalous or anomalous), the polarization correla-mental methods with weak contributions from specific sotute

tion lengthl of the same solvent should differ by 20 times for

solvent interactions, only minor deviations were reported. We
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find the deviations to be even smaller if DCM analysis is H-bond-donor strength. However, such a bond results in slightly
coupled with quantum chemical calculations implementing a decreased reorganization energy in linear H-bonding solvents
more rigorous DCM approach, detailed molecular cavity, and compared to non-H-bonding solvents, Figure 2. A small effect
electronic polarizability of solute’8° This is the case with PF,  of the accepted H-bond is also predicted by quantum chemical
C153, CpCo (shown in Figures 2, 4, and Table 1) and some calculations (Section 1.7S in Supporting Information). Further-
other systent=° (not shown). An account of some of these more, the lack of correlation between the reorganization energy
factors within time- or frequency-resolved generalizations of and solvent H-bond-donor strengfthalso suggests that accept-
the DCM model was also shown to improve the description of ing an H-bond is not responsible for the anomaly. If specific
solvation energetics of several soluté§311! PF—solvent interactions were responsible for the anomalous
Deviations from DCM were also predicted to be due to reorganization, one would expect to see their manifestation in
translational (density) response of solvent molecules on the basisother molecular properties such as transition dipole moment,

of the approximate decoupling of contributions from transla- fluorescence quantum yield, isotope effect on the fine intramo-
tional and rotational motions within certain molecular liquid lecular vibronic structure of the absorption and emission spectra,

theoriest’2 However, such deviations do not seem to be Vibrational spectra, and so on, but this is not observed. The lack
significant at least in our case. (i) Indeed, an incorrect sign of of observed effects is consistent with quantum chemical
temperature dependencé/dﬂ' of the reorganization energ@/ calculations of PF in Supermolecular Complexes with solvent
in nonanomalous dipolar solvents predicted by the macroscopicmolecules imitating various kinds of specific PBolvent
model for a dipolar spectroscopic probe was used as evidénce. interactions, which indicate no significant influence of complex
To the contrary, our calculations predict reasonabléTvalues ~ formation on the parameters of PF structure that causes
measured for our probe in most dipolar solvents to within the reorganization of the PFsolvent system upon excitation. (i)
estimated uncertainties of spectra processing (associated, fofhe anomaly is not a unique property of the preiselvent
example, with temperature-dependent spectral band shape, cfinterface. Anomalously high reorganization energy and anoma-
Table 2). The apparent discrepancy may be due to several factordous cosolvent effects were also observed for the dye bound
neglected in the previous analy&iqi.e., solute polarizability, inside a water-soluble, globular protein away from direct contact
which may change the sign of the predictéddT valuel3the with water (also indicating that specific PBolvent interactions
systematic uncertainties and/or other contributions obscuring cannot explain the anomal{§®!*® When the dye-protein
linear dielectric response). (i) Furthermore, one might expect complex was dehydrated and covered by ont2Imonolayers
the translational contribution to be sensitive to the effect of Of water, the anomaly disappearef,suggesting that the
pressure on solvent densit}2 which is not observed for our ~anomaly is a property of the liquid rather than of adsorbed
probe whose negligible pressure dependence is consistent witinolecules of water. In addition, the anomaly appears to be
macroscopic predictions. (iii) Finally, in linear response to the Present in acridine orange, a methylated analogue of PF whose
electric field, solvent density changes should arise from asym- first solvation shell is different’ (iii) The anomaly is not
metry of the solvent molecufé4which is different for different ~ associated with (a) the size of solvent molecule and (b) lower
molecular solvents. As a result, dielectric response energies ofsolvent density and its fluctuations near the prdheparticular,
solvents with significant density changes should deviate from (&) formamide, methanol, and acetonitrile have similar sizes,
the macroscopic prediction to a different extent, which is not but only formamide exhibits the anomaly; (byalues in water,
observed for the dielectric probes analyzed here. Further analysignethanol, and acetonitrile solvents are virtually insensitive to
will help to improve the understanding of translational response Pressure and, therefore, to solvent density and its fluctuations.
which is beyond the scope of this work. An empirical insight into the potential origin of the anomaly
5.2. Water, Formamide, and Glycerol Exhibit Dielectric can be gained from differences between anomalous and non-
Anomaly. Notable exceptions are branched H-bonding solvents, anomalous solvents. The most important one is the ability of
which exhibit entirely different behavior. Particularly strong anomalous solvents to form 3D hydrogen-bond networks
deviations are observed for PF in water, formamide, and glycerol suggesting that the anomaly is somehow related to solvent
whose solvent reorganization energy cannot be explained everstructure. This is supported by the observed cosot¥eand
qualitatively by DCM (Figure 2). One would have to assume Solventisotope effects (Figure 3). Indeed, cosolvents are known
impossible negative values af in order to fit abnormally high ~ to disrupt H-bond network in water, and they destroy the
s values of these solvents. Furthermatejn these solvents ~ anomaly; deuteration is believed to strengthen hydrogen bonds
exhibits inverted temperature dependence, solvent isotopeand their networks, and the ++ D substitution enhances the

(Figure 6) and cosolvel¥ effects that are not observed in other anomaly in DO and deuterated formamide. However, not all
solvents. structured solvents exhibit the anomaly. For example, we

observed substantially smaller deviations in the propane diols

We attribute this behavior to anomalous dielectric properties
prop and ethylene glycol despite their ability to form 3D H-bond

of water, formamide, and glycerol rather than to probe- or .
solvent-specific effects. Such an interpretation is based on our"€Works. Furthermore, we observed no anomaly in non- and
extensive auxiliary experiments and quantum chemical calcula- linear-H-bonding solvents which are structured at the molecular

tions (Section 3 and Supporting Information) suggesting that: scale (see following text). Thus, the presence of solvent structure

(i) The anomaly cannot be explained by specific prebelvent seems to be a necessary but not sufficient condition for the
interactions. Indeed, PF donates hydrogen bonds to all dipolar@omaly-

solvents, but only a few solvents exhibit the anomaly. In Note that various solvation-related properties of branched
addition, PF can accept a weak H-bond from H-bonding Solvents were previously reported to be anomalous. However,
solvents. The accepted bond is expected to be weak, becaus@nomalous response energies were usually observed in both
PF is a cation (low H-bond energy of1 kcal/mol and long linear and branched H-bonding solvents and, thus, appear to be
bond length of~3.1 A were calculated, Section 1.2S in a result of probesolvent H-bonds.

Supporting Information). Such a bond would be expected in  5.3. Measured Response of Nonanomalous and Anomalous
both linear and branched H-bonding solvents, which have similar Solvents Indicates Nontrivial Properties of Solvent Response
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Tensor. In summary, our analysis reveals a nontrivial relation- Molecular theoried%.27:36.58.6&imulations7:36.38.58.60 gnd neu-
ship between static microscopic dielectric response and thetron scatteringf of bulk liquids suggested that intermolecular
molecular-scale structure of dipolar solvents. Measured responseordering of dipolar solvents leads to high peaks in Fourier
energies of most dipolar solvents, non-hydrogen-bonding and transformy(k) of the response functiop(r — r') (Figure 6a).
linear hydrogen-bonding, behave as if these solvents wereWave vectork-dependence of(k) means that the response
unstructured (local) macroscopic dielectrics even at the atomic functions are strongly nonlocal atk ~ 1—6 A length scales
scale, in contrast to predictions of seemingly more appropriate (i.e., the length scales of electric fiefek> produced by charge
nonlocal dielectric models that account for molecular-scale redistributionAp in the analyzed probes) (Figure 6b,c).

solvent structure (Figures 2, 4, and Table 1). A few branched  ithin the most popular nonlocal smeared charge model
hydrogen-bonding solvents, whose physical chemical propertiesassuming that the bulk functiop(r — r') is not perturbed by
are similar to the macroscopic-like solvents, show anomalous, solute, the resulting overlap between solute electric fieldk)
nonmacroscopic response somehow related to their inter-and peaks iry(k) should produce a resonant dielectric response
molecular structure (Figures 2 and 3). But the data for with anomalously high energy (eqs 2 and 3). More important,
anomalous solvents disagree with the existing microscopic because spatial structure and position and height of the related
nonlocal models (Figures 2 and 5). These models fail to describepeaks are quite different for different solvents, the response
not only the correct order of magnitude of the measured energy should dramatically vary from solvent to solvent, which
dielectric response energies but also their solvent-to-solventis not observed (Figure 5, Table 1). To the contrary, the
variation at any values of adjustable parameters introduced inmeasured response energies of most dipolar solvents conform
an attempt to improve the predictions. to the local macroscopic model (Figures 2, 4, and Table 1)
Here, we chose simplified continuum-like models. They are whose underlying assumption of the absence of nonlocal spatial
not as accurate and detailed as full microscopic calculations solvent structure is strongly violated (Figure 6).

(e.g., simulations of particular systems), but simulations do not  This illustration of nonlocal paradox is based on the nonlocal
easily yield the underlying physics. The advantage of data model neglecting the exclusion of solvent from the solute cavity.
analysis within the chosen models is that they implement However, the paradox cannot be easily explained by the
rigorous linear response theory under different assumptionspresence of the solute cavity:

(Section 2.2), and an insight into the responsgucture First, our estimates indicate that other nonlocal models that
relationship is gained as a result. account for the solute cavity effect do not substantially modify
Within the linear response theory, solvent response is these predictions and cannot describe the data éitfiél All
determined by the product of the electric fie\d>(r) produced existing nonlocal models are based on heuristic relationships
by solute charge redistribution and the solvent dielectric responsebetweerys(r, r') and bulk response functiopgr — r') which
tensoryus(r, r') related to solvent structure (spatial correlator have been proposed or borrowed from plasma phSfsies
of polarization fluctuations) via the fluctuation dissipation (Section 2.2). Application of these approximations to dipolar
theorent5568284 Static response of molecular solvents is materials has never been justified, and apparently, they do not
continuum-like, because solvent molecules have enough timecapture the physics of the solute cavity effect appropriately.
to sample space around the solute by translational motions. second, near the solute cavity, spatial correlations between
Nevertheless, such a continuum-like response retains informatiorype surrounding solvent molecules may be perturbed, but these
about microscopic solvent structure due to short-range correla-correlations cannot be completely eliminated. (Simulations
tions between solvent dipofgs’3755:5676.7711fSection 2.2).  indicate the presence of correlatiéhand neutron scattering
The advantage of this theory is its broad applicability. (It applies eyen suggests that correlations in the vicinity of solutes and in
to arbitrary configurations of weak electric fields and dielectric the solvent bulk are simild? Thus,yas(r, r') near the solute
geometries of continuous or discrete dielectrics at both micro- should still be essentially nonlocal and resonant on the length
scopic and macroscopic length scales and accounts for bothscales of electric fields & produced by the analyzed probes.
rotational and translational degrees of freedom of molecular ap opinion exists that occasionally observed macroscopic-like
dielectric.) The only drawback is that the general form of the pehavior can be explained by accidental cancellations of
response structure relationship as well as response tensors of molecular effects (e.g., cancellation of the molecular correlations
particular solute-solvent systems are still not knov#hThus, and ambiguous proximity of the solute cavity boundary to the
the existing implementations of the response theory rely on the sojyte charge). However, these correlations (and other molecular
limited available knowledge and model approximations for effects) should still be quite different for different solvents. Thus,
Xop(r, 1) it is difficult to explain the macroscopic-like response observed
Specifically, the macroscopic model, assuming that the in several solutesolvent systems by accidental cancellations,
solvent has no spatial structure at the characteristic length scalesinless the response tensors of most dipolar solvents have some
of spatial variation of the solute electric field, approximates common nontrivial property, which is not yet understood.

Xop(r, 1') by the local functionydggo(r — r') determined by 5.4. Hypothesis We believe that the electric field produced
the macroscopic dielectric constat(y = 1 — 1les). Visual by charges located inside the solute cavity or outside the solvent
inSpeCtion of electron denSity redistributions of the analyZEd may not be Coup|ed to iso’[ropic nonlocal bulk modes of solvent
dielectric probes (Figure 6c) indicates a violation of this polarization fluctuations and may not elicit a resonant dielectric
macroscopic assumption, because the electric field imposed byresponse. Unless solvent structure at the solute surface is
such redistributions on the surrounding solvent exhibit rapid supstantially different from the bulk, the dielectric response to
spatial variation on the length scale of solvent molecular size. sojute charges may be macroscopic-like despite the high peak
Then, solvent response should be described by the nonlocalin bulk response functiony(k). (In other words, solvent
response functiofas(r, r') = x0apo(r — r'). polarization induced by cavity charges may formally comply

Properties ofyus(r, r') far from the solute, where it co-  with the local relationship #AP = yAD, despite essentially
incides with the response tensor of the bulk isotropic solvent nonlocal response functiop.s(r, r') = x0asd(r — r'), to be
208(r — 1'), were studied by several independent methods. shown elsewhere.)
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dielectric properties. Furthermore, the fitting function directly couples

changes in solute cavity size to solute charge. We are not aware of any (i-€., Born equatioW =
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(128) Lee, S. H.; Rossky, P. J. Chem. Phys1994 100, 3334.

(129) Oberbrodhage, J.; Morgner, H.; Tapia, O.; Siegbahn, H. O. G.
Int. J. Quantum Chenl997 63, 1123.

(130) Because length scales of charge redistribution are different for
different probes, the anomaly may be seen with some probes and not seen
with others. For example, the anomaly is observed for PF in formamide,
but no anomaly is observed for another probe C153 in formafditike
other traditional dipolar or ionic probes, the dominating component of the
C153 charge redistribution has the range of length scales-553) which
are longer than those of PF{2.5 A)1%8 The absence of an anomalous
response for C153 may be explained (e.g., assuming that anomalous
polarization fluctuations occur at-2.5 A length scales, which is within
the range of charge redistribution of PF and outside the range of C153).

(131) Experimental values of total response eneijlasvere recovered
from the solvent dependence of the redox potential differénge= const
+ 2WasW = (1 — ¢4 )dAy/deg /2, becaus&V was shown to obey DCM

- e;l)eZIZavdw with van der Waals radiua,qw

indication that such direct interaction between solute electric field and mass = 3.7 AL

(solvent density near solute) is important. In contrast, such coupling, if it

(132) For the sake of illustration, we generat&dand A5 values mea-

exists, seems to be insignificant for our probe, because the measuredsured in several solvents plotted in Figure 5, becaudg’s of few
reorganization energies are almost insensitive to pressure; Sections 4.1 ang@xperimentally studied solvents are available. The genenétezhd is

5.

(121) The still-popular Lorentzian approximationygk) at small values
of k does not provide a consistent description of the data (Section 4.2).
Furthermore, this approximation underestimaj¢k) by two orders of
magnitude ak's where the probes’ charge redistributiong(k)'s have
significant components (Figure 6). Finally, it is unclear if the condition for
the approximatiort = dy(k)/dk|x—o < O holds for dipolar solvents, because

values were obtained from the established correlation between the data
and the DCM model (Figures 2, 4; Sections 4.1, 4.2) and macrosﬁg?bic
andWra values calculated in tetrahydrofuran, chloroform, and methyl ace-
tate (for PF and Cy£o), benzonitrile (PF, C153, GPo), methanol
(CpCo), and water (C153, GEo). We verified that the inclusion of these
generated data into the analysis presented in Table 1 would produce similar
results.



