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Abstract: Weak 7 hydrogen-bonded solute/solvent complexes are studied with ultrafast two-dimensional
infrared (2D-IR) vibrational echo chemical exchange spectroscopy, temperature-dependent IR absorption
spectroscopy, and density functional theory calculations. Eight solute/solvent complexes composed of a
number of phenol derivatives and various benzene derivatives are investigated. The complexes are formed
between the phenol derivative (solute) in a mixed solvent of the benzene derivative and CCls. The time
dependence of the 2D-IR vibrational echo spectra of the phenol hydroxyl stretch is used to directly determine
the dissociation and formation rates of the hydrogen-bonded complexes. The dissociation rates of the weak
hydrogen bonds are found to be strongly correlated with their formation enthalpies. The correlation can be
described with an equation similar to the Arrhenius equation. The results are discussed in terms of transition
state theory.

I Introduction For some strong hydrogen bonds that have dissociation enthal-
d pies greater than 5 kcal/mol, the hydrogen bond lifetimes are
sufficiently long that they can be measured with temperature-
jump or ultrasonic methodsMeasurements of the lifetimes of
relatively weak hydrogen bonds<p kcal/mol) at room tem-
perature under thermal equilibrium conditions have recently
hbecome possible because of the advent of ultrafast IR
technique$~! To the best of our knowledge, no systematic
study on the relationship between the lifetimes and strength of
hydrogen bonds has been reported.

In this paper, we present a study of the lifetimes of hydrogen
nds between a series of phenol derivatives and benzene
derivatives using the recently developed method of ultrafast 2D-
IR vibrational echo chemical exchange spectrosc¢opy The

Hydrogen bonds play important roles in chemistry an
biology1~> Most hydrogen bonds have dissociation enthalpies
in the range of +10 kcal/mol. This range is much smaller than
a typical covalent bond enthalpy. For instance, a catfwambon
single bond has a dissociation enthalpy~e80 kcal/mol! In
spite of being relatively weak, hydrogen bonds are strong enoug
to have a profound influence on the nature of liquids and
material, and on the reactivity of hydrogen-bonded molecules.
An important example is water, which is a liquid at room
temperature rather than a gas because of its hydrogen-bon%
network. Another important aspect of hydrogen bonds is that 0
they are weak enough that they can continually dissociate and

reform at room temperature. Some of the most significant . ; : .

biological processes, such as DNA replication and protein experiments described here follow previous work that examined

folding, are made possible because of the reversible nature ofth hydrogen-bond formation and dissociation rates of the
phenol/benzene complex in liquid solution of low concentration

hydrogen-bond formatiofh. : ;
- : : : _ phenol in the mixed benzene/GCholvent®1® A phenol
The reversibility of hydrogen bonding brings up two interest molecule forms a weak hydrogen bond, sometimes catted *

ing and fundamental questions. (1) How long does a hydrogen . ) :

bc?nd stay “bonded” ?ﬂ room te(m)perature’?g @) Is thgre zgny hydrogen bond,” ywth a benzene molecule. By adding different
. e . ~Substituents to either phenol or benzene, the strength of the

correlation between the hydrogen bond lifetime and its strength hydrogen bond can be modified. Using the 2D vibrational echo

In general, it might be expected that stronger hydrogen bondschemical exchange technique, the dissociation times of a series

would dissociate more slowly. However, direct experimental 9 que,
i i i (6) Arrivo, S. M.; Heilweil, E. J.J. Phys. Chem1996 100, 11975.

data addreSS|_ng t_hese_lssues for relatlvely weak hydrOgen bonds(7) Arrivo, S. M.; Kleiman, V. D.; Dougherty, T. P.; Heilweil, E. @pt. Lett.

that can readily dissociate at room temperature are rare because * 1997 22, 1488-1490.

there has been a lack of appropriate measurement techniques.(s) \1/\£c;utersen, S.; My, Y.; Stock, G.; Hamm,Ehem. Phys2001, 266, 137—

(9) Zheng, J.; Kwak, K.; Asbury, J. B.; Chen, X.; Piletic, I.; Fayer, M. D.

(1) Vinogradov, S. N.; Linnell, R. HHydrogen Bonding Van Nostrand Science2005 309, 1338-1343.

Reinhold Company: New York, 1971. (10) Zheng, J.; Kwak, K.; Chen, X.; Asbury, J. B.; Fayer, M\.DAm. Chem.
(2) Joesten, M. D.; Schaad, L. Blydrogen BondingMarcel Dekker, Inc.: So0c.2006 128 2977-2987.

New York, 1974. 11) Kim, Y. S.; Hochstrasser, R. MProc. Natl. Acad. Sci. U.S.£2005 102,
(3) Jeffrey, G. A.An Introduction to Hydrogen Bondin@xford University 11185-11190.

Press, Inc.: New York, 1997. (12) Zheng, J.; Kwac, K.; Xie, J.; Fayer, M. Bcience2006 313 1951-1955.
4) De5|raju G. R.; Steiner, The Weak Hydrogen Bon@xford: New York, (13) Zheng, J.; Kwak, K.; Fayer, M. DAcc. Chem. Re®006 40, 75-83.

1999. (14) Kwak, K.; Zheng J.; Cang, H.; Fayer, M. D.Phys. Chem. B006 110,
5) P|mentel G. C.; McClellan, A. LAnnu. Re. Phys. Cheml971, 22, 347— 19998-20013.

385. (15) Sanda, F.; Mukamel, S. Chem. Phys2006 125 014507.
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of hydrogen-bonded complexes are measured. In addition,complex species and the free species, corrected for the differences in
temperature-dependent FT-IR absorption experiments are usecxtinction coefficients, was used to determine the equilibrium constant
to determine the formation enthalpies of the hydrogen bonds, at each temperature. The temperature range was 25 6.6& more

and DFT calculations provide reasonable estimates of their detailed description of the measurements and experimental data are
structures. The results show a systematic correlation betweerd'Ve" N the Supporting Information.

- The hydroxyl groups of all phenol derivatives were deuterated to
the hydrogen-bond strengths (formation enthal and the
yarog . . 9 . ( py) move the hydroxyl stretching mode frequency~@600 cntt. The
hydrogen-bond dissociation times.

chemicals used to form the hydrogen-bonded complexes are phenol-
OD (PH),p-methoxyphenol-OD (pMPHRp-bromophenol-OD (pBrPH),
) ) o o-methoxyphenol-OD (oMPH), benzene (BZ), toluene (TL), bromoben-
Details of the experimental method used for these 2D-IR vibrational zene (BrBZ)p-xylene (pX), and mesitylene (MS). The solutions used
echo spectroscopy experiments have been described previdhatyd in the vibrational echo measurements are 0.6 wt % PH in the BZ/CCI
are also included in the Supporting Information for the convenience of ik solvent (1:5 wt), 0.6 wt % PH in TL/CGK1:6 wt), 0.6 wt % PH
the readers. In addition, a diagram of the experimental setup and aj, px/CCl, (1:7 wt), 0.6 wt % PH in MS/CGI (1:7 wt), 0.6 wt %
schematic representation of how the 2D vibrational echo method is pBrPH in BZ/CC} (1:5 wt), 0.5 wt % pMPH in BZ/CCI(1:5 wt), and
used to measure chemical exchange are provided in the Supportingz vt 95 oMPH in TL. The ratio of the aromatic component of the solvent
Information. Very briefly, in a 2D-IR vibrational echo chemical g the CC} component was chosen to make free and complexed species
exchange experiment, three ultrashort IR pulses tuned to the frequencyapproximately equal in amplitude in the FTIR spectrum of each mixture.
range of the vibrational modes of interest are crossed in the sample. The function of the substituents on the phenol and benzene rings is
Becausg the pulses are very sho_rt, _they havg brpad ba.ndW|dthsto adjust the hydrogen-bond strength (enthalpy of formation). Benzene
(determined by the uncertainty principle) making it possible 10 54 jis derivatives are the hydrogen-bond acceptors. In general, adding
simultaneously excite a number of vibrational bands. The first laser electron-withdrawing group such as bromine to benzene weakens
pulse places the vibrational oscillators in coherent superposition statesy;, hydrogen bond by reducing the electron density of the benzene
of the ground state (0) and the first excited state (1) and “labels” the ;i\, "Aqding electron-donating groups such as methyl groups to benzene
initial strl_Jctures of the species in the sample by setting th_elr mltlal makes the hydrogen bond stronger. Adding an electron-withdrawing
frequenmes along the;, axis. The secon_d pulse e”‘?'s the _f'rSt _tlme group to phenol also makes the hydrogen bond stronger because the
periodz by transforming the coherences |nto_pop_ulat|0ns (elthe_,-r in the hydroxyl, which is the hydrogen bond donor, becomes more positive.
0 or 1 states) and starts clocking the rgactlon time pe'ﬂpdurlng The effect of a methoxy group on the phenol ring is position dependent.
which the labeled species undergo chemical exchange, that is hydrogenyynan it is ortho to the hydroxyl, the hydroxyl group forms an

bonc_l forma_tion and dissociati_o_n. The chemicgl e)_<change will 'f_’e intramolecular hydrogen bond with the methoxy group. The intramo-
manifested in the 2D spectrum if it changes the vibrational frequencies lecular hydrogen bond results in an intermolecutanydrogen bond

of the vibrational modes under study. The third pulse ends the yoyeen the hydroxyl group and aromatic solvent molecule that is very
population period of lengtfi, and begins a third period of leng#r, 6510 \When the methoxy group is in the para position, it has very
which equ with the emission Of_ the_ vibrational echq pulsg with little effect on the strength of the intermolecular hydrogen bond.
frequencies along then axis. The vibrational echo pulse is the signal The structures of the hydrogen-bonded complexes were determined
in the experiment. The vibrational echo signal reads out information _ . . . - i
about the final structures of all labeled species by thgifrequencies with density functional theory (DFT) calculatioffsThe DFT calcula

. . P Y d ’ tions were carried out as implemented in the Gaussian 98 program suite.
During the period., between pulses_2and 3, chemical eXChaf‘ge OCCUIS- The level and basis set used were Becke's three-parameter hybrid
The exch??zge causes new off_-dlagonal peal_<s (0 grow ias . functional combined with the Le€Yang—Parr correction functional,
increased:*? The growth of off-diagonal peaks in the 2D spectra with abbreviated as B3LYP, and 6-36(d,p). All results reported here do

increasingT,, is used to extract the dissociation times (lifetimes) of . . .
. . not include the surrounding solvent and therefore are for the isolated
the hydrogen bonds. (Chemical exchange can also occur during the
molecular complexes.

periods, but it does not contribute to the growth of the off-diagonal
peaks.) In addition to chemical exchange, other population dynamics ||| Results and Discussions
such as vibrational relaxation to the ground state and orientational
relaxation of the entire molecule will influence the 2D spectrum. These ~ The DFT calculations show that all of the phenol derivatives
processes are included in the data analysis. form z hydrogen bonds with the aromatic molecules in the
The vibrational population relaxation time constants and rotational mixed solvents and that all of the complexes have a similar
relaxation time constants for the samples were measured with the T_shaped structure. The structure is shown in Figure 1 for the
polarization selective IR pumgprobe experiments:*’The rotational phenol/toluene complex. Structures for other complexes are
relaxation t_|me constants were measgred in the pure so_lvents. The Valueprovided in the Supporting Information. For the phenol/benzene
measured in CGlwas used to determine the rotational time of the free . ) .
(uncomplexed) species, and the value measured in the pure aromaticcom,plex’ recent high-level electronic structure C.a|Cl.,l|atI0n.S on
the isolated complex and full molecular dynamic simulations

solvent was used to determine the rotational time of the complex. These ’ .
values were corrected with the StokdSinstein-Debye (SED) equation ~ Of PH in the BZ/CCl solvent confirm the T-shape structufe.

for the solvent viscosity differences between the pure aromatic solvent In addition, the simulations show that the complexes are formed
or CCl, and the mixed solvents used in the chemical exchange one to one between PH and BZ. The hydroxyl group does not
experiments. Viscosity measurements were made with Cannon Ubbe-point at the center of the benzene ring but rather at a ring edge
lohde viscometers at 24C, the same temperature used for the for all the systems studied. The structures of the complexes in
vibrational echo and pumgprobe measurements. solution can be different from those predicted by the electronic

The hydrogen-bond formation enthalpies of the complexes were girycture calculations for isolated molecules. However, the

determined by measuring the temperature dependence of the equilibriumg, ,qitancy between the electronic structure calculations and
constant by observing the change in the absorption spectrum of the

hydroxyl stretching mode. The ratio of the areas of the peaks for the

Il. Experimental Procedures

(18) Parr, R. G.; Yang, WDensity Functional Theory of Atoms and Molecules
Oxford University Press: New York, 1989.

(16) Asbury, J. B.; Steinel, T.; Fayer, M. D. Lumin.2004 107, 271-286.
(17) Tan, H. S,; Piletic, I. R.; Fayer, M. 0. Chem. Phys2005 122 174501.

(19) Kwac, K.; Lee, C.; Jung, Y.; Han, J.; Kwak, K.; Zheng, J.; Fayer, M. D.;
Cho, M.J. Chem. Phys2006 125 244508.
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Figure 1. Two views of the hydrogen-bonded structure of the phenol/
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toluene complex calculated with DFT at the B3LYP/6+33(d,p) level 05 1.0 15 2.0 25
for the isolated molecules. The complex’s binding energy is found to be dissociation enthalpy (kcal/imol)
;tZé?aclt(icc:)z:]Iémol (with  zero-point energy  correction) without solvent Figure 3. Correlation between the frequency shift (relative to the free
’ species) of (a) OD stretch and (b) OH stretch of complexes of phenol and
its derivatives to benzene derivatives and the complex (hydrogen bond)
1.0 dissociation enthalpies (negative values of formation enthalpies). The two
| plots show a linear relationship between the parameters.
E 08 hydrogen bonds produce greater sHift$:22 For the complexes
Té 06 I studied here, the hydroxyl stretch frequency shifts (relative to
g | each corresponding free species) are also strongly correlated to
8 04 the strength of the hydrogen bonds. Figure 3 shows that the
§ ' frequency shift is linearly proportional to the hydrogen-bond
% 0.2 dissociation enthalpy (negative of the formation enthalpy) for
both the OD stretch with
00k v v 070 i 1
2600 2620 2640 2660 2680 2700 Av (cm ) =18.2x AH (kcal/mol)+ 5.2 Q)

frequency (cm’” .
. i auency (em ) and the OH stretch with
Figure 2. FT-IR absorption spectra of the OD stretch of phenol-OD

(hydroxyl H replaced with D) in CGl(free phenol, dotted curve), phenol _1.

in toluene (hydrogen-bonded phenol/toluene complex, dashed curve), and Av (cm ) = 25.9 x AH (kcal/mol)+ 10.0 2
phenol in the mixed toluene/CgCsolvent, which displays absorptions for o

both free and complexed phenol (solid curve). These results are similar to some other hydrogen-bonded

systems:21.22The frequency shifts and enthalpy values are listed
the simulations for the PH/BZ system suggests that the electronicin Table 1.
structure calculations for the other complexes provide a reason- The linear IR absorption measurements provide equilibrium
able description of their structures. thermodynamic data for the hydrogen-bonded complexes.
Experimental evidence for the formation-ohydrogen bonds ~ However, such measurements do not provide information
is the shift of the OD stretch frequency of the phenol derivatives regarding the complex dynamics, that is the dissociation and
to lower frequencies in aromatic solvents compared to the formation rates. Nonlinear 2D-IR experiments on the hydroxyl

corresponding frequencies of the phenols in £Eligure 2 stretch permit direct determinations of these rates. The phenol
displays FT-IR spectra for PH dissolved in pure ¢@hort in toluene/CCJ system will be used to demonstrate the manner
dash), pure TL (long dash), and the mixed TL/¢Gblvent in which the hydrogen bond lifetimes (complex dissociation
(solid curve). rates) can be extracted from the vibrational echo 2D-IR chemical
When phenol is dissolved in C{there is no hydrogen bond exchange measurements. The hydrogen bond lifetimes for all
formed. The OD stretch frequency is at 2666 émVhen it is of the other systems are obtained in the same manner.

dissolved in toluene, a hydrogen-bonded complex is formed Figure 4 displays 2D-IR spectra for a very short reaction
between a solute and a solvent molecule. The OD stretchperiod, Ty, = 200 fs (left panel) and a longer periofl, = 12
frequency red-shifts to 2625.6 cth When phenol is dissolved ~ Ps (right panel). The data have been normalized to the largest
in the TL/CCl, mixture, some of the phenol molecules form Peak for eachT,. Each contour represents a 10% change in
complexes with toluene and some of them are free. The free @amplitude. (The data has 2% amplitude resolution. The 10%
and complexed phenol molecules are in dynamic equilibrium. contours are shown here for clarity.) In Figure 4, only thel0
As we can see from the spectrum, in the mixed solvent both (20) Pimentel. G. .. McClellan, A. LThe Hydrogen BondW. H. Freeman
free phenol and the phenol/toluene complex are present. and Co.: San Francisco, 1960. o

It is well-known that hydrogen bonding shifts the hydroxyl (21) Murphy, A. S. N.; Rao, C. N. Rappl. Spectrosc. Re 1968 2, 69_191.

(22) Lopes, M. C. S.; Thompson, H. VBpectrochim. Acta, Part A968 24,
stretch frequency to a lower frequency and that stronger 1367-1383.
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Table 1. Hydrogen Bond Lifetimes, 74 = 1/kg, Bond Formation Enthalpies? (AH°), Bond Formation Entropies (AS°),? OH and OD Stretch
Frequency Shifts of the Hydrogen-Bonded Phenol Derivatives (Relative to the Free Species)

OMPH/TL PH/BrBZ PH/BZ pMPH/BZ PHITL BrPH/BZ PH/pX PH/IMS
74 (pS) 3+1 6+3 10+ 3 10+ 3 1543 1742 24+ 3 31+4
AHO (kcal/mol) -0.6 -1.2 1.7 1.7 2.0 —2.0 —2.2 —2.45
AS (J/mol K) -30 —36 ~34 -38 -8 -38 -34 -41
OH Av () 27 415 545 52 60 59 68.5 76.5
0D Av (cm?) 17 26.5 37 36 40.4 41 46 51

aThe AH values are relative to phenol in GCIThe hydrogen-bond formation enthalpy between phenol and ®&$ determined to be-0 kcal/mol
using anisole as the solvation model compoéihd.The enthalpy error bars ar0.2 kcal/mol. The frequency error bars ak€.5 cntt,

12ps / ‘. phenols have two possible final structures: free phenol mol-
2680 | 200fs /j I/ &\ / ecules that produce the off-diagonal peak € 2625.6 cm?,
2660 (O wm = 2666 cnT!) and complexed phenols that still produce
the diagonal peak (2625.6 c) 2625.6 cm?, respectively).

(j-wo) ‘@

2640 Note that the peaks are determined only by the initial and final
| structures. Any odd number of exchanges, 1, 3, ..., etc., will

2620 .
. produce an off-diagonal peak, and any even number of
2600 o — exchanges, 0, 2, ..., etc., will give rise to a diagonal peak. The
2600 2620 2640 2660 2680 2600 2620 2640 2660 2680 same reasoning applies to initially free phenols which give rise
() @_(cm™) (b) to the free phenol diagonal peak and the other off-diagonal peak.

)

DR vib | ech  the OD H of bhenol The discussion here is for the slow exchange limit. For fast
Figure 4. -IR vibrational echo spectra of the stretch of phenol in ; ; _
the mixed toluene/C@lsolvent (only G-1 transition data are shown). The exchangeé a single peak would F’e, observed in the FT-IR
data have been normalized to the largest peak for &clEach contour spectrun®3 In the slow e)_(Change _“m't, the small amoqnt _Of
represents 10% change in amplitude. (a) Datd§pr= 200 fs. (b) Data for exchange that occurs during th@eriods causes a reduction in
Tw = 12 ps. At the longer time, additional peaks have grown in because of the signal but does not give rise to off-diagonal peXkall
chemical exchange, that is, the formation and dissociation of the hydrogen-,[h t tudied h in the sl h limit
bonded complex of phenol and toluene. e _Sys ems S.u ied here are in the siow ex_c ar!ge imit.
L . . Figure 5 displaysT,-dependent 2D-IR vibrational echo
(OD stretch vibrational ground state to the first excited state) spectra for the hydroxyl stretch-L transition region of the
transition portions of th(_a _spectra are shown. Spectra i_ncluo_ling phenolitoluene/CGlsystem. Each contour represents a 10%
both 0-1 and 1-2 transitions for all samples are provided in change in amplitude of the peaks. The growth of the off-diagonal

the Supporting Information.. FOT"_V = 200 fs, a short time peaks is evident a3y, increases from 200 fs (a short time
compared to the exchange time (inverse of the hydrogen-bond(_’ompared to time for exchange) to 12 ps, at which time

dissociation and formation ra_ltes), the 2D-IR sp_ectrum CONSIStS oy tansive exchange has occurred. Without any analysis, it is
of wo pe_a"s on the upper-ng_ht to lower-left diagonal. These ¢jo5y that the exchange time is slower thah ps and faster
peaks arise from the-01 transitions of .the free and hydrogen- =y, 100 ps. However, to obtain quantitative rates requires a
bonded OD stretch (see Figure 2 solid curve). The two peaksfuII analysis of the dynamical processes in the system.

are ggnerated in the f°”°W'“9 manner. As described .|n the During theT,, period, in addition to chemical exchange other
Experimental Procedures section, the first laser pulse S'mUIta'dynamic processes influence the 2D spectrum. These are spectral
neously labels the initial stru<_:tures Qf _b_Oth free and_ hydrogen- diffusion, orientational relaxation, and vibrational relaxafiéf.
bonded phenol molec_:ules with the |n|t_|al frequenaies(the None of these produce off-diagonal peaks. Spectral diffé&fdn

OD stretch f.requenues of bOth_ species). No e>‘<‘change"hasis the result of time-dependent interactions of the vibrational
occurred during the 200 %, period. None of the "labeled” 5 ngition with the solvert#2627 These interactions cause the

species has chang_ed |t_s structure,_so the final frequemay,_ . transition frequency to fluctuate. At short time, the diagonal
det(_ect(_ad by the V|brat|onal_ e_c_:ho is the same as the initial peaks’ line shapes measured in the 2D vibrational echo spectrum
ex0|tat|or_1 frequencyy:. If the initial freque_ncy@,) IS thg same are elongated along the diagonal because molecules are in
as the final frequencydfy), the peak is on the dlagonql. different solvent environments (inhomogeneous broadening). As
Therefore, for very sholy, there are two diagonal peaks in Tw increases, the solvent configurations around each molecule
the 2D-IR spectrum, one peak for the_ ComP'eX and one peakevolve so that the frequency of each molecule samples an
for the free phenol. The ComP'eX gives rise to the lower- increasingly large fraction of the entire absorption spectrum
frequency peak _along t_h@m axis because 't_ Is the IOW?r'_ (spectral diffusion). At sufficiently longdy, all possible solvent
frequgncy peak in the linear I,R spectrum (Figure 2). Within configurations are sampled, and the dynamic line width is equal
experlmgntal error, bOt,h peaks in the 2D spectrum .have the SaM&o the absorption line width. In a 2D spectrum complete spectral
frequencies as those in the FT-IR spectrum in Figure 2. diffusion is manifested by a change in the 2D line shape from

For Ty = 12 ps (Flgurg 4, r|ght_ panel), which is _Iong elongated along the diagonal to symmetrical about the diagonal.
compared to the exchange time for this system, two off-diagonal
evinger, N. E.; Davis, P. H.; Behera, P.; Myers, D. J.; Stromberg, C.;

; iti is (23) L
peaks have grown in. The growth of the additional peaks is (@3) Fovor M. DL Gl ey 2003 118 331511356,
caused by the exchange durifigperiod. Consider phenols that  (24) walsh, C. A.; Berg, M.; Narasimhan, L. R.; Fayer, M. Chem. Phys.

i i Lett. 1986 130, 6—11.
are complexed with toluenes at the time of the second pulse.(25) Bai. Y. S Fayer, M. DPhys. Re. B 1989 39, 11066.

During theT,, period, some of these complexed phenals € (26) Asbury, J. B.; Steinel, T.; Stromberg, C.; Corcelli, S. A.; Lawrence, C. P.;
1\ di i H i Skinner, J. L.; Fayer, M. DJ. Phys. Chem. 2004 108 1107-1119.
2625.6 cnm’) dissociate, while some remain complexed. The (27) Asbury, J. B; Steinel, T.; Kwak, K.; Corcelli, S.; Lawrence, C. P.; Skinner,

third laser pulse ends thg, period. The initially complexed J. L.; Fayer, M. D.J. Chem. Phys2004 121, 12431-12446.
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Figure 5. Time dependence of the 2D-IR vibrational echo spectrum in thk tdansition region. The data have been normalized to the largest peak for each
Tw. Each contour represents 10% change in amplitudeT Afcreases, the off-diagonal peaks grow in because of chemical exchange (formation and

dissociation of the toluene/phenol complex). Inspection of the data shows that the time scale for the chemical exchange (growth of the ofédiejonal p
is a few picoseconds.

This change can be seen most clearly by comparing the centralsolutions have been publish&:4In the equations, onli, and
contours of the free peaks at 200 fs and 2 ps in Figure 5. Spectralky are unknown variables; all of the other parameters are
diffusion changes the shapes of the peaks but preserves theiexperimentally measured independently. Vibrational and rota-
volumes?14 From the data, we can see that spectral diffusion tional relaxation time constants were measured with pamp
is complete by~2 ps. Orientational relaxation and vibrational probe experiments as described in Experimental Procedures
relaxation causes all peaks to decay in volume in contrast to (section Il). The time-dependent populations were provided by
chemical exchange, which causes the off-diagonal peaks to gromthe peak volumes or intensities of the 2D-IR spectra corrected
and the diagonal peaks to shrink. Orientational relaxation during for transition dipole moment differenc&s?.14 The transition
the Ty period reduces the peak volumes but does not cause themdipole moment differences of the free and complexed species
to decay to zero. Vibrational relaxation does cause the peaks towere measured using FT-IR. The equilibrium constant for the
eventually decay to zero. two species was also given by FT-IR measurements. The

To extract the exchange kinetics from the 2D-IR spectra, a dissociation rate (number per unit time) of the complex equals
kinetic model including all dynamic processes was Us€d*  the formation rate because the system is in equilibrium (see
The method is illustrated schematically for the complex (CC) below)® The complex dissociation time constant (also the
dissociating to become (CF) free phenol (or a phenol derivative). ifetime of the hydrogen bondjq (given in picoseconds below),

is independent of concentration. Thereforgjs reported and

Jole nol cp discussedzq = 1/kg, whereky = ky/A is the dissociation rate
decay = ks decay constantA is the concentration ratio between the complexed

and free phenol (or phenol derivative). The dissociation rate is
Ed[complex]. Because the concentration ratio is knothere
is a single unknown parametery.

Spectral diffusion changes the shape of the diagonal peaks,
reducing their maximum amplitudes without changing their
volumes. For this reason in previous publicatio¥s4 peak

CC represents the complexes (hydrogen-bonded species) at th
end of theT,, period (the time of the third pulse) that were also
complexes immediately after the second pulse (peak (2625.6
cm1, 2625.6 cm?) in the right panel of Figure 4). CF represents
the free phenol molecules at the end of Thegperiodthat were

complexes immediately after the second ps=ak (2625.6 i .
cm L, 2666 cm?) in the right panel of Figure 4). The rate Volumes were determined as a functionTgfto reflect the peak

constant for dissociation of complexes ks, and the rate ~ Populations. Here we use amplitudes as a functioh.ohstead
constant for the association of a free phenol with benzene or a®f volumes when fitting the data with the kinetic model for all
benzene derivative to form a complex kg During the Ty, samples except the oMPH in TL/CCkystem because the

period, the vibrational echo signals produced by these two SPectral diffusion is fast compared to the exchange rates.
populations decrease because of vibrational relaxation (timeTherefore, negligible error is introduced by using the amplitudes,
constantT and Ty for complex and free, respectively) and which are more easily determined than the volumes. For oMPH
rotational relaxation (time constang and z; for complex and in TL/CCl, peak volumes were used.
free, respectively). Identical considerations apply to the The data were fit in the following manner. For a 2D-IR
populations FF and FC, which are the initial diagonal free spectrum taken &k, = 200 fs, the population ratio of the two
population that is also free @, and the initial free population ~ species is taken to be the same as the equilibrium constant
is complexed affy,. obtained from the FTIR measurements because 200 fs is a very
The kinetic model gives rise to a set of differential equations short time compared to the time scale of chemical exchange.
for the four populations, CC, CF, FF, and FC. These differential All of the free diagonal peaks are divided by the intensity of
equations have been used previolsl¥*4and the complete  the free peak at 200 fs to yield the time-dependent populations
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1.0

the dissociation time for the PH/TL complex (hydrogen bond
lifetime) is 7y = 15 + 3 ps. To test the fitting procedures, the
peak volumes were also fit for several of the samples. Within
experimental error, the intensity fitting results for PH/BrBZ,
PH/BZ, and PH/pX are identical to the volume fitting resdlts.

I
o

0.6 diagonal — free . . -
_§ di & i ] Fits such as those displayed in Figure 6 for the phenol/toluene
g lagonal — compiex system are shown for all of the other samples in the Supporting
§ 04t off-diagonal Information.

In the analysis of the data presented in Figure 6 and for all
of the other systems, it was assumed that the equilibrium
between the complex and the free species and the exchange

. . - : : rates were not disturbed by the experiment. This assumption is
0 2 4 6 8 10 12 14 16 supported by strong experimental evidence. First, if the system
T, (ps) is in equilibrium, the two off-diagonal peaks will grow in at
Figure 6. T.-dependent data (symbols) showing the time dependence of the same rate because the rate of complex formation is equal to
the two diagonal and two off-diagonal peaks, in thelregion of the 2D the rate of complex dissociation. Within experimental error, the
vibrational echo spectra as in Figure 5. The off-diagonal peaks grow in off-diagonal peaks grow in at the same rates as can be seen in

together because the sample is in thermal equilibrium. The solid curves are . . .
from a fit to the data with one adjustable parametgrusing the kinetic Figure 6 for the phenol/toluene system and in the Supporting

model. Other parameters in the model are determined from independentInformation for all of the other systems.
experiments. For the phenol/toluene systeys= 15 + 3 ps. Another detailed test showing that the vibrational echo/

for free phenol molecules (FF). All of the diagonal peaks for chemical exchange experiment does not perturb either the
the complexes are divided by the intensity of the complex peak thermal equilibrium or the exchange rates has been presented
at 200 fs and then multiplied with the equilibrium constant to for the phenol/benzene systériThe test involves comparing
give the time-dependent populations of complexed phenol the 0-1 data, such as those shown in Figure 5, to the equivalent
molecules (CC). This procedure accounts for the fact that the data for the +-2 transition (not shown). There are two quantum
transition dipole moments of the free and complex species arePathways that give rise to the-Q 2D spectrum. For one
not the same. The diagonal peak amplitudes depend on the fourtiPathway, the system is in the ground state<0) during the
power of their respective transition dipoles. The off-diagonal Tw Period. For the other pathway the system is in the vibra-
peak amplitudes depend on the product of the squares of thetionally excited state(= 1) during theT, period. Fifty per
transition dipoles of the free and complex species. To take this cent of the signal arises from each of these pathways. For the
into account, the cross-peaks are divided by the square root of1—2 portion of the 2D vibrational echo spectrum (see data in
the intensity ratio of the complexed peak intensity over the free Supporting Information), there is only one pathway, and the
peak intensity divided by the equilibrium constant. The influence first two radiation field-matter interactions the same as those
on the peak amplitudes caused by peak overlap is corrected forthat give rise to the vibrationally excited portion of the-D
by fitting the 2D-peaks and subtracting the contributions to a 2D spectrum. After the second interaction (second pulse) the
given peak from the other peaks. This is a relatively small Systemis in ther = 1 state. The third interaction (third pulse)
correction. The results yield the diagonal populations, FF and produces a coherence between#fe 1 andv = 2 levels, and
CC and the off-diagonal exchanged populations, CF and FC, the vibrational echo is then emitted at the frequency of th2 1
as a function ofTy,. transition, which is shifted to lower frequency by the vibrational
The data (see Figure 5 as an example) for thé @ansiton ~ anharmonicity {100 cnt?). The portion of the 2D spectrum
region consist of four time-dependent components: the two that occurs from vibrational echo emission at the2frequency
diagonal peaks (the complex and the free PH in Figure 5) and only involves a pathway in which the system is in the= 1
the two off-diagonal peaks (dissociation and formation of the State during theT,, period. Therefore, the-01 portion of the
complex during thd,, period). AsTy, increases, the off-diagonal ~ spectrum involves 50% of the signal in which the dynamics
peaks grow in because of chemical exchange. All four peaks might be influenced by vibrational excitation, whereas th& 1
can be reproduced with the single adjustable parametdy portion of the spectrum involves 100% of the signal that might
inputting the known constants and fitting the data with the be affected by vibrational excitation. It was observed that the
kinetic equations. For the phenol/toluene system, the input measured dynamics are the same for thd @nd -2 portions
parameters used afie = 10 ps,T; = 9 ps,7c = 3.7 ps,tt = of the spectruni. Therefore, vibrational excitation does not
2.4 ps, and the ratio of the complexed and free phenol influence the thermal equilibrium/chemical exchange rates.
concentrations [complex]/[free} 0.62. Because the vibrational ~ Vibrational excitation of the hydroxy! stretch is actually a very
and rotational parameters were measured in pure solvents rathemild perturbation of the system. The hydroxyl stretch is a

.O
[N
T

than mixtures, we allowed each parameter to vafyd—20% quantum oscillator. Vibrational excitation to the= 1 state
in fitting the data and used the results to determine the error increases the bond length by a few hundredths of an angstrom.
bars forzg. This is a very small change compared to the thermal structural

Figure 6 shows the peak intensity data for thelGQransition fluctuations of the complex (distance and angular) displayed in
region of the spectrum as a function @f,. The data are  the MD simulations? It should also be noted that the energy
normalized to the largest peak Bt = 0. The simultaneous fit ~ deposited by vibrational relaxation does not enter into the
(solid curves) to the time dependence of all of the peaks using problem. Once a molecule undergoes vibrational relaxation, it
a single adjustable parametery, is very good. From the fits,  no longer contributes to the signal.
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Figure 7. 2D-IR vibrational echo spectra of the OD stretch of phenol in a series of mixed benzene derivatj\sa@&hts with the same reaction time
period, Ty = 7 ps. The data have been normalized to the largest peak for each sample. Each contour represents a 10% change in amplitude. From left to right
the hydrogen bonds are weaker, and the size of the off-diagonal peaks are larger (more exchange).

The hydrogen bond strength (bond formation enthalpy) of 35¢
the complex is changed by modifying the chemical structure of 30k
the solute molecule, the solvent molecule, or both. It has been :

qualitatively demonstrated that stronger hydrogen bonds dis- e

sociate more slowly.Here a more detailed and quantitative ~ 20}
correlation is presented. Before discussing the values of the &
) I , ~ 15
dissociation times, the nature of the results can be seen = :

qualitatively and directly from the data presented in Figure 7. 10 |
Figure 7 displays 2D-IR spectra for the same reaction period, '
Tw = 7 ps, for complexes between phenol and five different
complex partners in mixed solvents of each partner and,.CCl 0 b
The data have been normalized to the largest peak for each

sample. Phenol forms the strongest hydrogen bond Wi'[h. mesi-Fi wre 8. Hydrogen bond lifetimes (K ps) plotted vs exa(HORT)-
tylene. The hydrogen-bond strength order is phenol/meSIterneWﬁere AHO is the hydrogen-bond dissovciation enthalpy (negative of the
> phenolp-xylene> phenol/toluene> phenol/benzene phenol/ enthalpy of formation)Ris the gas constant, affds the temperature (300
bromobenzene. In Figure 7, moving from left to right, it can be K). The line through the data is given by eq 4.

seen that at the singl&, = 7 ps, the size of the off-diagonal

peaks, which are produced by chemical exchange, increases aand the dissociation enthalpieAH°, negative values of the
the hydrogen-bond strength decreases. For the phenol/mesitylen@ydrogen-bond formation enthalpies) for the eight samples
spectrum, the off-diagonal peaks have just begun to appear. Instudied. The line through the data points is given by

contrast, in the phenol/bromobenzene spectrum, the off-diagonal

peaks have grown in to such an extent that they are now well _ -1 0

delineated from the diagonal peaks and the spectrum has the 1y =B+ A" exp@HIRT), “)
appearance that is approximately square. As discussed above,

exchange is the only reason for the growth of the off-diagonal WhereB = 2.3 ps andA™* = 0.5 ps are constants. The equation
peaks. Faster exchange produces larger off-diagonal peaksan be rearranged to give

(normalized to the largest diagonal peak) for the same reaction

period (Ty). From the relative intensity of the cross-peaks (the 1 A0

number of contours), it is straightforward to see that a stronger 1k,—B = Aexp(-AHTRT) ®)
hydrogen bond dissociates more slowly. Figure 7 is a demon-

stration that the stronger the hydrogen bond that forms the SinceB = 2.3 ps is smaller than or the same as the experimental

complex, the slower the dissociation and formation of the .. tor all of the samples except the fastest one, oMPH/TL,

co_rl’_nhplex.nth i nd entropi f complex formations wer the relationship can be approximated for hydrogen bonds with
€ enthalpies and entropies of complex Tormations WeTe j;c. ;o longer than 2.3 ps as

determined from the temperature dependence of the equilibrium
constant using

PRI B
10 20 30 40 50 60 70

exp(AHY/RT)

k, = Aexp—AHYRT) (6)

K= ——===———=+— 3)

Equation 6 has the form of the Arrhenius equatfdyut with

The details are discussed in the Supporting Informato®?, the dissociation enthalpy instead of the activation energy. It is
AHC, andAS are the standard Gibbs free energy, the enthalpy, Useful to consider the trend seen in Figure 8 heuristically in
and the entropy at room temperature, respectively. The standarderms of simple transition state thedfThe dissociation rate
state is defined to be a pressure of 1 atm and a temperature ofonstant can be written as

25°C. AH% and AS’ are taken to be temperature independent
within the 50 K range used in the studies. Figure 8 shows a (28) Atkins, P. W.Physical Chemistry5th ed.; W. H. Freeman: New York,
very interesting correlation between the lifetimes of the com- 1994.

; . L (29) Chang, RPhysical Chemistry for the Chemical and Biological Sciences
plexes (1Kq, kg is the hydrogen-bond dissociation rate constant) University Science Books: Sausalito, 2000.
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KsT . to those studied here. By combining eqs 1 or 2 with eq 6, a
ke= h exp(-AGHRT) = hydrogen bond lifetime can be roughly estimated from the OH
kT or OD stretch frequency shift of the system obtained from

- expAS/R) exp(— AH*/RT) (7) routine FT-IR measurements.

where AG* is the activation free energyAS* is the acti- IV. Concluding Remark
vation entropy, andAH* is the activation enthalpy. If the
activation enthalpy is proportional to the dissociation enthalpy,  The study presented here extends previous work that exam-
AH* [ AH?, and the activation entropiS* is essentially a  jned hydrogen-bond formation and dissociation rates of the
constant, independent of the molecular structure of the com- phenol/benzene complé®? Here, eightz hydrogen-bonded
plexes, then eq 6 and the behavior displayed in Figure 8 arecomplexes of phenol and phenol derivatives with benzene and
recovered. benzene derivatives were investigated. The series of complexes
Aside from experimental error, a possible explanation for the have a wide range of hydrogen-bond strengths (enthalpies of
nonzero (2.3 ps) intercept in Figure 8 is the time required for formation). Both the kinetics and thermodynamics of the
the molecules of a hypothetical nonbonded complex to separatecomplexes were studied. The 2D-IR vibrational echo experi-
diffusively. Consider a “pseudocomplex” that has a bond ments measure the dissociation and formation rates of the
formation enthalpy of zero but has a phenol derivative molecule complexes. The chemical exchange dynamics of a complex can
and a benzene derivative molecule in the T-shaped structurg Ofhe characterized by the dissociation time of the complex (the
a boqded c'omplex. For the phenol/benzene .cor.n.plex, detalledinverse of the dissociation rate), which is the hydrogen bond
MD simulations show that the structure has significant angular lifetime. The measured dissociation times for the eight com-

fluctuation, but the average angle is°98 In the complexed Oplexes range from 3 to 31 ps. The bond dissociation enthalpies

form, the distance between the ring center of the benzene an (negative of the formation enthalpies) range from 0.6 kcal/mol
the D atom of the OD group i$-2.5 A, but by ~3.5 A o 295 kealimol P 9 '

separation, the phenol and benzene are no longer bonded as

shown by the lack of angular correlati&hEFor the pseudocom- It was found that the hydrogen bond lifetimes are correlated

plex with zero bond formation enthalpy, it would still take a with the dissociation enthalpies in a manner akin to the

finite amount of time for the phenol and benzene to separate Arrhenius equation. The correlation can be qualitatively under-

from ~2.5 A to ~3.5 A. The time to diffuse apart may be stood in terms of transition state theory. In this model, the

responsible for the nonzero intercept in Figure 8. As a very activation enthalpy scales linearly with the bond dissociation

crude check of this idea, using the Stok&Snstein equation  enthalpy, and the activation entropy is essentially independent
and the viscosity of the benzene/G€blvent, it was determined  of the molecular structure of the complex. It was also found

that the time for a benzene to diffud A is~2 ps, consistent  hat the shift in the hydroxyl stretch frequency of phenol and

with the intercept. This is a very rough approximation for two jts derivatives when complexed, compared to that of the free
reasons that tend to off-set each other. For two molecules in agpecies, is linearly related to the dissociation enthalpy. Thus, it
solvent, the mutual diffusion constant is well approximated by is possible to estimate the hydrogen bond lifetimes of systems

thhe sulm OL thi d|ffu5|or: coastarﬂ%t.'rl;hgrefore, th;]%me fc?(rj @ that are similar to those studied here from a simple measurement
phenoland a benzene fo change their Sepaf"’“’ nAawou . of the hydroxyl stretch frequency in a linear absorption
be shorter than 2 ps. However, the mutual diffusion constant is experiment

only appropriate when the molecules are widely separated. At

small separations, the hydrodynamic effect slows their relative
diffusion31-34 These off-setting effects make the ps estimate Acknowledgment. We thank Sungnam Park, Kyungwon
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