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Abstract: An isosbestic point in the temperature dependence of an absorption spectrum is commonly viewed
as a sign of interconverting chemical or structural species. Here | explore an alternative microscopic origin
of temperature-independent absorbance in inhomogeneously broadened spectra: While the equilibrium
probability of observing a particular frequency generally changes with the magnitude of thermal fluctuations,
the weight of at least one frequency is insensitive to small changes in temperature. The range of temperature
accessible to aqueous solutions at ambient pressure is sufficiently small that such insensitivity would appear
in experiments as an isosbestic point. This mechanism depends only on the continuity of equilibrium
distributions, not on the presence of multiple components. Even the simplest model of a single solute species
in a fluctuating environment exhibits isosbestic points, van't Hoff behavior, and, with appropriate dependence
of transition frequency on configuration, multiple absorption peaks.

. Introduction A well-separated spectral feature in the X-ray absorption
pectrun®, as well as isosbestic behavior of more complicated
pectroscopic observablégsppears to bolster this view. Even
those who interpret the vibrational spectrum as a continuum of
intermolecular arrangements often decompose line-shapes or
distributions into two or more componeritputatively distin-
guished by hydrogen bonding strength, and imagine intercon-
version between them as “breaking and making of hydrogen
bonds”? Whether explicit or implicit, two-state pictures are
endemic in the modern literature on aqueous structure.
Inferring multi-state behavior from constant absorption over
a range of temperature or pressure rests on the assumption that
intrinsic absorbance of individual species is insensitive to
thermodynamic perturbations. In this article, | scrutinize that
assumption. Section Il examines the general influence of thermal
fluctuations on solutes’ absorption line-shapes. Simple analysis
o . andillustrative models, presented in Sections Il and IV, indicate
As an example, Raman spectra of HOD in liquid water exhibit 5+ jsoshestic points in spectra obtained over a limited range
an isosbestic point. (All discussion of absorptivity in this paper ot temperature or pressure are not compelling evidence for multi-
applies equally well to scattering intensity.) The scattering ¢omponent equilibrium. Instead, such points, and other apparent
intensity at a frequency within the OD stretching band is nearly g imarks of multi-state behavior, can arise trivially from the
constant over much of the temperature range between freezingsatistical thermodynamics of continuously distributed micro-

and boiling points at 1 atrir.* This fact has been cited for  goqic states. Here | demonstrate on microscopic grounds that

several decades as evidence for a two-state picture of liquidigospestic points can arise in one-component systems under very
structure. Specifically, many have attributed a shoulder on the genera) circumstances, contrary to conventional expectations.

blue side of the line-shape to a distinct population of weak or gecion v discusses spectroscopic features that do distinguish
broken hydrogen bonds between pairs of adjacent molecules.n, iti.state equilibrium. In Section VI, | conclude with remarks

on the specific case of liquid water.

Changes in spectroscopic absorbance as a function of externai
control parameters, such as temperatdrg fpressure ), or
chemical potential(), provide clues to the microscopic structure
of solutions. Isosbestic points, distinct frequencies where
absorbance is insensitive to thermodynamic perturbations, are
considered to be especially revealing. A popular interpretation
focuses on the fact that different dilute solute species absorb
additively. Any shift in the equilibrium between two intercon-
verting species redistributes the weights of their contributions,
modifying the net spectrum. However, if two species absorb
with equal strength at a particular frequency, then the net
absorbance at that frequency will not depend on their relative
proportions. Changes in external conditions that shift equilibria
between species but do not alter their intrinsic absorbance
generate isosbestic poirits.

(1) Harris, D. C. Quantitatve Chemical AnalysjsW. H. Freeman and

Company: New York, 2003. (6) Smith, J. D.; Cappa, C. D.; Wilson, K. R.; Messer, B. M.; Cohen, R. C.;
(2) Senior, W. A.; Verrall, R. EJ. Phys. Chem1969 73, 4242-4249. Saykally, R. JScience2004 306, 851-853.
(3) D'Arrigo, G.; Maisano, G.; Mallamace, F.; Migliardo, P.; Wanderlingh, F. (7) Steinel, T.; Asbury, J. B.; Zheng, J.; Fayer, M.DPhys. Chem. 2004
J. Chem. Physl1981, 75, 4264-4270. 108 10957-10964.
(4) Walrafen, G. E.; Hokmabadi, M. S.; Yang, W.-Bl. Chem. Phys1986 (8) Lawrence, C. P.; Skinner, J. I. Chem. Phys2002 117, 8847-8854.
85, 6964-6969. (9) Rey, R.; Mgller, K. B.; Hynes, J. T.. Phys. Chem. 2002 106, 11993~
(5) Hare, D. E.; Sorenson, C. M. Chem. Phys199Q 93, 6954-6961. 11996.
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The notion that multi-state equilibrium uniquely explains functions from measured spectfaHowever, the implications
isosbestic behavior has been challenged in the'pastPrevious of this simple result for isosbestic behavior have apparently been
counterarguments have leaned heavily on indirect empirical overlooked.
observations. Falk and Wyss noted that temperature-independent A local isosbestic point, where absorbance is insensitive to
absorption due to OH stretching is common even in solids, small changes in temperature, occurs wherever the derivative
where an appreciable population of broken hydrogen bonds dl/dT vanishes. According to eq 2, any frequency whose average
seems unlikely. Curnutte and Bandekar showed numerically thatenergy equals that of the entire ensemble will exhibit constant
explicit structural interconversion is not necessary to obtain an absorbance over a suitably small range of temperature. Because
isosbestic point in distributions of OD stretching frequencies. [WOis a weighted average &), the mean value theorem
These calculations, however, required as input atomic pair guarantees thal/oT = O for at least one frequency?, at any
correlation functions, which themselves exhibit isosbestic temperature. For the idealized spectra under consideration,
points!* The account of single-component isosbestic behavior isosbestic points always exist! This property is unrelated to the
| describe in this article is, to my knowledge, the first to proceed presence of distinct interconverting species, which would
solely from intuitive microscopic ideas and well-known proper- correspond to a particular form ofx).
ties of equilibrium states. If interactions between solute and solvent extend only over
distances comparable to a molecular diameter, then the solute’s
transition frequency depends on only a few bath coordinates.

Consider two electronic or vibrational states of a solute, “g” Even if these interactions span large distances, it is likely that
(ground) and “e” (excited), separated by an energy apg the effect of constrainingegyis concentrated in a few collective
Coupling of these states to solvent fluctuations modulates the modes of bath fluctuation or that each of many modes is
transition frequencyweg, often producing broad absorption line-  perturbed weakly. As a result, the differené®[) — WL is
shapes. | will focus on one ubiquitous source of line broadening essentially equal in magnitude to the average energy of a small
in dense, polar liquids, known as inhomogeneous broadening.number of statistically independent degrees of freedom. This
In this mechanism, the instantaneous configuratioof solvent equivalence is exact in the case of a harmonic bath and linearly
and solute molecules (which | refer to collectively as the “bath”) varying transition frequency:

Il. Thermal Variation of Line-Shapes

determines the frequencyeX), at which a solute absorbs. N Xiz
A diverse set of bath configurations yields a wide distribution Uu=S— ©)
of transition frequencies and, therefore, a broad line-shape. &2,
Quantitatively, the inhomogeneously broadened line-shape
I(w) can be written in terms of the distribution functigiix) n
for bath coordinatex: Weq= Wy T ) aX; 4)

=
Here, X is theith normal coordinate of the bath, angis its
associated susceptibility. The coefficieat determines the
sensitivity of frequency shifts, about a reference vahge to
fluctuations inx;. In the absence of constraints, the equipartition
principle dictates an average energykgl/2 for each of then
normal modes. The temperature dependenc@ldj is also
easily determined for this model: The energetics of bath
fluctuations remain harmonic wheneg is constrained, while
the number of active normal modes is reduced by one.
ConsequentlyfUL), — W= Up(w) — ks T/2, where the function
Uo(w) = (23] ,0ia?) is independent of temperature. Re-
gardless of the diversity of contributing bath motions, the heat
capacity associated with fluctuations in transition frequency is
just a fraction okg. In such cases, eq 2 gives a change in relative

(@) = [dx p(x)0(@ — weyX)) 1)

The possible sensitivity of transition dipole to bath fluctuations
is neglected in eq 1 and hereafter. At thermal equilibrig(r)
= Q lexp[-U(X)/ksT], where U(x) is the potential energy
function, Q is the canonical partition function, ankk is
Boltzmann’s constant. Under these approximatioii®,) is
simply a reduced Boltzmann distribution for the variable
WedX).

Temperature dependencel @) is controlled entirely by the
equilibrium configurational distributiop(x). Differentiating eq
1 at constant volum¥ and numbers of atomg\i;} yields

(%)v,{mi} = L,i_a;)z[w@ — Qg 2 absorption due to a small change in temperatife
‘A'(“’*) ~ (M)z (5)
[(w?*) T

Angled brackets in eq 2 denote thermal averages pi@r The
subscriptw indicates a restricted thermal average, including only at a local isosbestic point. Temperature ranges explored in most
configurations with a specific value of the transition frequency, experiments are, in fact, small in this context. The maximum
wedX) = w. Relationships nearly identical to eq 2 have been relative change in temperature for aqueous experiments bounded
presented before and have even been used to extract energhy freezing and boiling transitions at ambient pressur®Tisr

~ 0.37. One should not expect the relative change in absorbance
(10) mﬁ'Y%rkA’-l'g;gfgs in Current ChemistriSchuster, P., Ed.; Springer: gt a Jocal isosbestic point to much exceed 10% over this range.

(11) Scherer, J. R.; Go, M. K,; Kint, S. Phys. Chem1974 78, 1304-1313.
(12) Falk, M.; Wyss, H. RJ. Chem. Phys1969 51, 57275728.

IIl. Spectroscopic Model

(13) Curnutte, B.; Bandekar, J. Mol. Spectroscl1972 41, 500-511. i _di i i i i
(14) Robinson, G. W~ Cho. C. H.: Urquidi 3. Chem- Phy<1999 111, 698 A sghematlc one-dimensional model is sufficient to illustrate
702. these ideas. Relevant bath degrees of freedom are represented
(15) Mukamel, S.Principles of Nonlinear Optical Spectroscoppxford
University Press: New York, 1995. (16) Walrafen, G. EJ. Chem. Phys2004 120, 4868-4876.
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-Tm=1.0 | ~ i ' an even number of times. However, one of these crossings could

0.4 jﬁojﬁ ' ' 7 well occur in the wings of the line-shape. (See, for example,
~TM=1.15 72\ 2 1 Figure 4.) In that case, one isosbestic point would be much less
ﬁﬁ"ﬂ’é}, - ] prominent than the other and could even escape experimental

0.3|-Tm=13 E’“' 14 detection. Effects of dynamics or changes in transition dipole,

TmM,=1.35 \ which are omitted in my analysis, might also remove one or

) ~TMo=14 \" | more local isosbestic points.

=02} N B The local isosbestic points | have identified for a single solute
R A}:_ z | species exhibit temperature-insensitive absorbance only over a

o sufficiently small range of temperature. In this sense, they are

0.1 . not strict, or “exact”, isosbestic points. | emphasize, however,
that temperature invariance is ho more exact when intercon-
| | verting species are present. Two dilute absorbing components

0

0 ’ 2 ] could be represented by a bimodal distribution of bath coordi-
Aw/ .f( sz)‘ natesp(x) = nWpM(x) + n@p@(x). Heren® andn® =1 —
0 n® are the probabilities of finding a given solute as species
Figure 1. Absorption line-shapéw) at several temperatures for a single “1” and “2”, respectively and>(‘)(x) is the distribution of bath
solute species coupled to a Gaussian bath. Here, frequencjshistlinear . e R
in the bath variablex, as shown in the insef\w has been scaled by its ~ Variables within state. In this case

root-mean-squared valug/ Dﬁwzlg, at an arbitrary reference temperature (BI ( ) 5 B
w n

W)v,{mi} - (W)V’{Mi}[h(w) — ()] +

%[n(l)l(l)(a))(llutfj}) — W) + "1yt — wrr)]

To. The bath coordinate has similarly been scaled by its root-mean-squared

value, &2@, at the same temperature. The bath susceptibiitywas
presumed temperature-independent for this calculation.

by a single coordinate, with a linear restoring force, i.eU(x)
= x?/20.. Physically,x could describe the fluctuating electric (6)
field of a polarizable solvent, coupled to a solute dipole whose

magnitude differs in ground and excited states. In that case, WherelO(w) = mf_)pr(')(x)é(w — wedX)) Is t_r;e line-shape of
the one-dimensional caricature, with a suitable choice,d species andLl.[0) denotes an average ovgP(x). Note that a

equivalent to a dielectric continuum approximatié#8A model Iozcal isosbestic point is not necessarily located whetn) =
for inhomogeneous broadening must also specify how bath |@)(w) since energy fluctuations described by the final two terms

fluctuations modulate the solute’s energy gapsdf(x) is a linear N €d 6 confer temperature gependence on both components’
function of the bath coordinate, as in a standard Brownian /iNé-shapes. Becausé) and1® are each subject to inhomo-
oscillator modets then the absorption spectrum is Gaussian, 9eneous broadening, local isosbestic points will shift with
with a characteristic width proportional tgokgT. This line- temperature just as in the single species exampl_e.

shape is plotted in Figure 1 at several temperatures between an In a model wherg frequency shifts depend_llnearly on a
arbitrary reference temperatur®, andTo + AT = 1.4To, a Gaussian bath coordinate, the number of absorption peaks, rather

range comparable to-0100 °C. Together with the principle of _than |sosbe_st|c pomt_s, dlsl_t:ngwsh systelmsl_ V.V'th ind W'thmlﬁ
equipartition, eq 2 implies local isosbestic pointshai*(T) = interconverting species. However, multiplicity of spectra

\/—2 ) ) features can also be a misleading gauge of multi-state equilib-
+ VIAw T whereAw(x) = wedX) — wo is the instantaneous  jym_ Only a slight modification of the one-dimensional model
frequency shift away from the band centep. Although

) . ] > is needed to generate spectra with more than one peak from a
Aw*(To) andAw*(To + AT) differ by roughly 20% of the half  gjngle species in a Gaussian bath. Specifically, the solute
bandwidth, changes in absorbanc@ai*( Ty + AT/2) are barely

aligEs e) ais transition frequency might depend on bath coordinates in a
detectable within this temperature range. To distingdieti(To substantially nonlinear way. Some spectroscopic observables,

+ AT/2) from a true isosbestic point, one would need 10 g ,ch as energies of core electron excitations probed by X-ray
confidently resolve differences in absolute absorbance of 'essabsorption are very sensitive to local symmégrySmall
than 1%. o ) ) _displacements in solvent near a locally symmetric configuration
The occurrence of two symmetric isosbestic points is coyid then switchneg between two characteristic values. Such
unavoidable in this particular model, where positive and negative 5 sharp division of a smooth bath distribution into two classes

frequency shif_ts are equally Iikely. No_nlinearities, eitherinthe 4,19 give the appearance of physically distinct, stable species.
forces governing bath fluctuations or in the dependenct®f  pigyre 2 jllustrates this possibility. The nonlinear function
on x, will break this symmetry. It is unlikely that realistic  g,(x) plotted in the inset of Figure 2 yields a two-peaked line-
nonlinearities will reduce the number of locally temperature- shape from a single species coupled to a Gaussian distribution

invariant points in an inhomogeneously broadened spectrum. ot hath fluctuations. Indeed, spectra of arbitrary complexity can
Very large frequency shifts, whether in the positive or negative po rendered from such a trivial one-state model through

direction, typically correspond to molecular arrangements with g5 ropriate choice oAw(x). | stress that the distributions of
very high energy. The restricted avera@ig, varying continu-  microscopic states underlying Figures 1 and 2 are identical. The
ously with Aw, should therefore cross the average enéldly  oqels differ only in the way the spectroscopic observahle
reports on this distribution.

(17) Jackson, J. DClassical Electrodynami¢gohn Wiley & Sons: New York,
1999

(18) Song, X.; Chandler, D.; Marcus, R. A.Phys. Cheml996 100, 11954~ (19) Cavalleri, M.; Ogasawara, H.; Pettersson, L. G. M.; NilssonChem.
11959. Phys. Lett2002 364 363-370.
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0.4 —TA.=10 T ™ T T [ T T T T
=T/T,=1.05
=TM=1.1 10f j g R
=T/M,=1.15 |
TM=1.2
0.3| —T/T,=1.25 e .
~TM,=1.3 ] =
T/M,=1.35 A5 | S
=T/T,=1.4 3 IS
Zoaf = . = ]
- 0- 1 -
o z 4
0.1 XN, : .
I ] L | L | L |
0 | ) " 0.7 0.8 0.9 1
A 5 10 /T
I
w/ V<A®2)U Figure 3. van't Hoff plots for the model systems considered in Figures 1

and 2 over a temperature range comparable-ta@@D °C. For the single

Figure 2. Absorption line-shapes at several temperatures for a single solute species linearly coupled to a Gaussian bath (squares), two populations were
species responding nonlinearly to a one-dimensional Gaussian bath. The P y p q ’ pop

specific dependence of frequency shift on bath coordinate, plotted in the gifrl?ﬁg r?\‘gngsvsit'ﬂgnghne”rr]'ggfrggjt :isnos?;fé'lgsp)oméajlg:% r?lsjtfvfef:éeﬂsmﬂy'
inset, was constructed to give a line-shag(@) at reference temperature by the local minimum ofo(w) (i.e pbegtween thé ENS eaks in Figure 2)
To that is a superposition of two Gaussian peaks, both with variance vy : ow) (1., ) . p 9 :

2 ; . Solid and dashed lines are best-fit straight lines through the two data sets.
[AwMg. In detail, for each value oAw, a value ofx was located (via

; ) ) AWk « In both cases, temperature has been scaled by an arbitrary reference value
bisection) to equate cumulative probabilitigd“®lo(w) = /*., expx3/ To.

20kpTo)/ /20K T,
IV. Other Thermodynamic Variables

When distinct spectral features do arise from interconverting Intensive field h i i |
species, the integrated absorbance of each feature should reflect ntensive Tields, such as lemperaluré or pressure, piay
the corresponding component's population. Specifically, if equwa!ent thermodynamlc roles wnh respect to their conjugate
energies of the two states are temperature-independent, then thf(?(tens'\/;a va.rlablloes.t. The. ior;ﬁluygns Wet halve tdravyn fo:
logarithm of the ratio between integrated absorbances will be a emperature ISoShestic poin's thus have naiural extensions. in
linear function of T"1. Such van't Hoff behavior is another particular, when varying pressure, one should expect nearly
widely accepted sign of multi-state equilibrium. The features constant absorbance wherever the derivative
of aqueous X-ray and Raman spectra assigned to broken and al(w) I(w)
intact hydrogen bonds exhibit van't Hoff behavior, consistent ( )T{M} =- ﬁ [vD) — VO 9)
with a two-state picturé Remarkably, however, a single species o
coupled to a Gaussian bath satisfies the van't Hoff equation as, 5 ishes. As with eq 2, relationships similar to eq 9 have

an excellent approximation over temperature ranges acceSSibl%ppeared befor®,but their bearing on isosbestic behavior has
for aqueous systems. To demonstrate this fact, | define two escaped attention

“species” artificially by dividing the spectrum at a cutoff Imagine that changes in volume due to constraints on

frequencyoc transition frequency have a characteristic scatg,and an
1) o isothermal compressibility,. The relative change in absorbance
n = f,m dol(w) (7) at a local isosbestic point over a small rangs, is then
approximately
andi® = 1 — AW, These integrated absorbances vary with

ap

temperature according to Al(w*) M
~|—|A 10
(") i1/ P (10)
o) ancwi ® s -
a(1kgT) vimy D> <o Assumingy to be some fraction of a molecular volume and

to be the bulk compressibility of liquid water, the pressure scale

over which local isosbestic points are well-defingdI(l| <

1) at room temperature ig(kgT/kv,) ~ 10* atm. This range is

comparable to what has been explored in aqueous experifients.
Similarly, changes in chemical potential or concentration of

d H*(aq) will generate local isosbestic points at frequencies where

Subscripts in the right-hand side of eq 8 indicate average
guantities of the two “species”, that is, restricted averages over
configurations with transition frequencies greater or less than
the cutoff. As with the energy difference in eq 2, if fluctuations
in weg are dominated by a few bath modes, then the right-han
side of eq 8 will depend weakly on temperature. Figure 3 shows (m (@)

. . : =2) :
the nearly linear relationship betweenffi{ii?) and inverse apH )T‘p‘{Mi}

temperature for the single species models considered in Figures
1 and 2. A slight curvature is discernible but would be difficult
to resolve experimentally. Furthermore, the origin of this
curvature, namely, differing heat capacities in two subensembles
is generally pertinent for mixtures of chemically distinct,
interconverting species as well. (20) Walrafen, G. EJ. Chem. Phys2004 121, 2729-2736.

= — (In 10) l(w)[MN,. [}, — M, T (12)

changes sign. In deriving eq 11, | have assumed that the
concentration of Fi(aq) is low enough that its density fluctua-
'tions are simply those of an ideal solution. What constitutes a

J. AM. CHEM. SOC. = VOL. 127, NO. 42, 2005 14933
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—_—
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—_—

small pH change in this context depends on how strongly the
spectroscopic observable is coupled to addse chemistry,
that is, how the average number of hydronium ions changes
whenwegy is constrained.

A single solute species coupled to a fluctuating bath generates
isosbestic points in inhomogeneously broadened spectra over
small ranges ofany external parameter that influences the
equilibrium distribution of microscopic states. These points
occur at frequencies where restricted averages of extensive
variables are equal to unrestricted ensemble averages, as
exemplified by egs 2, 9, and 11. It is illuminating to consider
the average numbelg andN; of two genuine, interconverting (b
chemical species as external parameters that can be constrained.

Shifting the equilibrium between these species at fikethdp

Ux)-(U), VkeT,

=]

—

clearly modifies microscopic distributions, and a local isosbestic ';:

point will appear. Since the components generally absorb with ==

different strengths at a particular frequency, constrainig g

generally biases their relative proportions. Isosbestic points occur D,

where such a constraint does not bias the chemical equilibrium

on averagelN; — NalJ = [N; — N2[1 They correspond precisely

to frequencies where the two components absorb with equal

strength. This classic isosbestic scenario is the result of variations

along a particular direction in the space of thermodynamic () ga[-Tm=10]" ]
parameters. Isosbestic points accompany variations along other T mere

directions as well, but with different quantities, such as energy 03| Trors i
or volume, playing the role dfl; — N. As | have shown, it is

not even necessary for the thermodynamic space to include a EM_ ]

parameter characterizing the position of a chemical equilibrium.
Attributing temperature or pressure isosbestic points to underly-
ing two-state equilibria amounts to asserting a simple relation- I
ship between energy or volume and population differences. ol
These assertions are reasonable when the position of a chemical A‘:ﬂ A v’—i
equilibrium establishes a nearly unique thermodynamic state. (Ao

In general, however, energy, volume, and solutes’ relative Figure 4. Example line-shapes arising from non-Gaussian, single-state bath
! ! . X ' fluctuations. The energy and entropy functions governing a bath distribution
concentrations can vary independently. p(x) O exp[S(X)/ks — U(X)/keT] are plotted in (a) and (b), respectively. Line-
shapes are shown in (c) for temperatures between an arbitrary reference
value T and 1.4T,. Entropy is meaningful and relevant here only within

The calculations | have presented are purely illustrative. They 27 tﬁ‘éd;te"f’eergzgzt‘t"e'ﬁ';'p'gf;[‘u%g“re 1L1.13denotes an equilibrium average
demonstrate that the appearance of isosbestic points in inho-
mogeneously broadened spectra can have little to do with the
existence of distinct, interconverting species. Specific calcula- Factors | have neglected entirely, such as entropy of bath
tions exemplifying this principle for vibrational spectroscopy fluctuations, homogeneous broadening, and variations in transi-
of HOD in liquid water will be presented elsewhéi€Extensive  tion dipole, only enrich the possible spectroscopic behavior of
evidence suggests that the OD stretching band is strongly shapedystems with very simple underlying distributions of microscopic
by inhomogeneous broadening, with a dominant contribution States. Figure 4 demonstrates this fact. | have plotted line-shapes
from a single hydrogen bonding degree of freedthiRecent corresponding to a non-Gaussian, but nonetheless single-
work indicates that the associated transition polarizability varies cCOmponent, bath distribution. In this model, both entr&oy)
weakly among pertinent configuratiofsThe assumptions made ~ and energy vary anharmonically along a one-dimensional bath
in this paper are therefore quite reasonable for Raman spec-coordinatex. I have chosen frequency shifts and bath displace-
troscopy of the OD stretch. The observed temperature isosbestidnents to be proportionaté\w [ X, for the sake of simplicity.
point can indeed be easily rationalized as the result of Nonlinear forces might reflect details of intermolecular potentials
straightforward changes in a continuous distribution of hydrogen at short distances (e.g., forces which stabilize hydrogen bonds).
bonding geometries, with no need to invoke distinct classes of Indeed, the shape f(x) in Figure 4a is similar to that extracted
solvation structure. Two-state pictures inspired by the appear-from Raman spectra of HOD in,'® and the line-shapes in
ance of isosbestic points in a variety of systems, including other

solutes in watéf=2% and other liquids such as methar®#’
imi i (24) Friedrich, D. M.; Wang, Z.; Joly, A. G.; Peterson, K. A.; Callis, P.JR.
should be similarly reconsidered. Phys. Chem. 4099 103 96446653,
(25) Simeon, V.; Butorac, V.; Toriis, V.; Kallay, N. Phys. Chem. Chem. Phys.
(21) Smith, J. D.; Cappa, C. D.; Wilson, K. R.; Cohen, R. C.; Geissler, P. L,; 2003 5, 2015-2019.
Saykally, R. JProc. Nat. Acad. Sci. U.S.Apublished online Sep 22, 2005, (26) Giguee, P. A.; Pigeon-Gosselin, M. Solution Chem1988 17, 1007~
http://dx.doi.org/10.1073/pnas.0506899102. 1014.
(22) Corcelli, S. A.; Skinner, J. LJ. Phys. Chem. 2005 109, 6154-6165. (27) Luck, W. A.; Fritzsche, MZ. Phys. Chem1995 191, 71—-86.

V. Discussion

(23) Long, F. H.; Lu, H.; Eisenthal, K. BPhys. Re. Lett. 199Q 64, 1469~
1472.
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Figure 4c strongly resemble measured spectra. Although thefor either species. Fluctuations within a single basin of attraction
bath in this case is not a linearly responding medium, it need do not satisfy this criterion. Slow interconversion between
not have any bistable or multi-state character. components, on the other hand, virtually ensures structural
Note that the leftmost isosbestic point in Figure 4c resides segregation. At first glance, a multi-peaked reduced distribution
in the line-shape’s low-frequency wing. In this model, entropy function would seem to imply a similar distinction, but the small
is responsible for its inconspicuousness. The larger multiplicity weight of transition frequencies between peaks in Figure 2

of configurations withx > 0 shifts the peak of(w) away from reflects only the fact thaAw(X) is a rapidly varying function
the energy minimum. The ensemble average energy is thereforen this interval. Without knowing how frequency shifts depend
higher than it would be for uniform multiplicityJ(x) = const]. on configuration, one can extract little structural information

The convex energy functiotJ(x) crossesUl]twice. One from the shape of an inhomogeneously broadened spectrum.
crossing corresponds to the set of configurations that dominate _
the thermal average, generating an isosbestic point near the peal/!- Conclusions

of I(w). The second crossing corresponds to high-energy e jikelihood of single species isosbestic points arises from
configurations on the opposite side of the energy miniMum. the fact that fluctuations modulating a solute’s transition
These latter configurations are disfavored both energetically andfrequency arenicroscopidn character. Associated heat capaci-

entropically. Their associated isosbestic point is thus well- jje5 and” compressibilities are commensurately microscopic.
removed from the center of the line-shape. This mechanism isy,4iations in ambient conditions of less than 100 K of 46n

a generic, but not unique, way for isosbestic points 1o, in effect, gegpite their significance for phase transitions of a liquid such
disappear into the wings of a spectrum. as water, exert small perturbations on the equilibrium distribu-

A more complete, and therefore more flexible, Spectroscopic tjo of relevant coordinates. Over such small ranges, a vanishing
model should strengthen the argument that certain conventionalyerivative in the line-shape would appear as an isosbestic point

signatures of multi-state equilibrium (temperature or pressure j, st currently feasible spectroscopic measurements. In the
isosbestic points, multi-peaked spectra, and van't Hoff behavior) jimit of inhomogeneous broadening, statistical mechanics
are not sufficient to infer the presence of chemically or 4 arantees the existence of such local isosbestic points in any

structurally distinct solute species'.)What. criteria should compel g46th spectrum. Since broad, continuous distributions are the
one to make such an inference? Distinct species should be e in dense polar liquids, conclusions regarding distinct
separated by free energy barriers that render the dynamics ofg,yation structures require more detailed dynamical information
interconversion much slower than basic molecular motions.

Ti ved i ¢ f the ob i than one-dimensional spectra can provide.

ime-resolved nonlinear r W rvation - .
€-Tesolved noniinear spectroscopy allows the observatio Implications for intermolecular structure in liquid water are
of populations enriched in one species as they relax to

e ; . . . especially interesting. Rationalizing isosbestic behavior in the
equilibrium. The time scale of this relaxation provides a much b y g 9

i t test of two-state pict th iati i Raman and IR spectra of HOD in,8() has been a long-
;n(;r;rsarén%err; I'i‘ns'tg d thg;rsni de E:ng';;ersan a; \liiréqat:)osgscgn(;nteir standing challenge for continuum pictures. This work shows
P overaiimi Y : ge. -ONAWO~1 65\ a smooth distribution of hydrogen bonding geometries,
dimensional infrared spectroscopy of the OH stretch in liquid

o - . lacking qualitatively distinguishable species, could plausibly
Dzo.mdlcates that purporteFjIy d'St.'nCt populauon;s of broken generate temperature and pressure isosbestic points. Rather than
and intact hydrogen bonds, in fact, interconvert quite ragitlly.

The results presented here demonstrate that such observationde.r’nark.ing (_jistinct po_pulgtions OT sol_va_tion structures,_ Isosbestic
of fast spectral diffusiod?-?6and the barrierless landscape they Somtg In this scenario simply discriminate frequencies whose
. - y . . . 7 energies (or volumes) are below average from those with higher
!mply, are cc_msstgnt with the existence of an isosbestic point energies (or larger volumes). Two populations can certainly be
in the one-dimensional Raman spectrum.

Th i bath distributi loved in thi defined according to such a dividing point, and they would likely
€ continuous ba Istributions employed In IS Paper o ini yyan't Hoff behavior over accessible temperature ranges,
could be viewed as an equilibrium between very many

. . L . . ! but this division is arbitrary. Different cutoff frequencies could
microscopically distinct species. From this perspective, fluctua- be chosen, and the corresponding populations would satisfy van't
tions within a single basin of attraction amount to an extreme :

limit of the multi-component picture. While technicall rrect Hoff's equation just as well. Marked insensitivity to the choice
hitot the mutti-component picture. Yhile techmically COrmect, ¢ o frequency thus calls into question the multiple species
this view can be misleading. Specifically, it undermines

distinctions that do exist when a molecule or intermolecular interpretation of an isosbestic point. The variety of divisions
. . employed in two-state analyses of liquid watsuggests such
arrangement adopts a small number of genuinely distinct forms.

. . o an arbitrariness. It will be interesting to see if detailed
In loose terms, for two species to be meaningfully distinct, they g

. . . measurements confirm this consequence of inhomogeneous
must be separated by a region of configuration space where theoroadening
density of low-energy microscopic states is much smaller than '
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