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Abstract: 2-Methoxyphenol (2MP) solutes form weak complexes with toluene solvent molecules. The
complexes are unusual in that the 2MP hydroxyl has an intramolecular hydrogen bond and simultaneously
forms an intermolecular hydrogen bond with toluene and other aromatic solvents. In the equilibrated solute—
solvent solution, there exists approximately the same concentration of 2MP—toluene complex and free
2MP. The very fast formation and dissociation (chemical exchange) of this type of three-centered hydrogen
bond complex were observed in real time under thermal equilibrium conditions with two-dimensional (2D)
infrared vibrational echo spectroscopy. Chemical exchange is manifested in the 2D spectrum by the growth
of off-diagonal peaks. Both the formation and dissociation can be characterized in terms of the dissociation
time constant, which was determined to be 3 ps for the 2MP—toluene complex. The intra—intermolecular
hydrogen bond formation is influenced by subtle details of the molecular structure. Although 2MP forms a
complex with toluene, it is demonstrated that 2-ethoxyphenol (2EP) does not form complexes to any
significant extent. Density functional calculations at the B3LYP/6-31+G(d,p) level suggest that steric effects
caused by the extra methyl group in 2EP are responsible for the difference.

. Introduction hydrogen bonds in which the donor and acceptor are in the same
molecule? In general, intramolecular hydrogen bonds form five-,
six-, or seven-membered ringgyhere the geometric restrictions
make them relatively weak compared to intermolecular hydrogen
bonds involving the same type of donor and acceptor. Because
of geometrical constraints, intramolecular hydrogen bonds
cannot form with the optimal geometry compared to the
intermolecular ones, creating the possibility that the donor of
an intramolecular hydrogen bond can form an additional
intermolecular hydrogen bond with an appropriate acceptor
located on another molecule. A special type of hydrogen bond
will form under these conditions. This type of hydrogen bond
involves three centers, one donor, and two acceptors. There is
recognition3 Hydrogen bonding has been studied extensively another type of threg ceptered hydrogen bond with one acceptor
in many contexts since the birth of the concept in the early and two donors: which IS common when the acceptor has two
1900235 electron lone pairs; e.g., in a molecule such as water, the oxygen
can be the acceptor for two hydrogen donors on two other water
molecules. The “intraintermolecular hydrogen bond” discussed
above has a single donor with two acceptors. This type of three-
centered hydrogen bond, which is also called “bifurcafgalgys

t Permanent address: Department of Chemistry, Penn State University,Important roles in many chemical and biological systems, e.g.,

Hydrogen bonding is ubiquitous in nature. It is involved in
the most basic and important chemical and biological
phenomend:2 The strength of hydrogen bonds lies between
van der Waals forces and covalent bonds. Although not a true
chemical bond, a hydrogen bond is sufficiently strong and
directional to become the driving force for molecules to
assemble into delicate architectures in supramolecular chemistry,
molecular recognition, and self-assembly. The strength of
hydrogen bonds is in the range of energies that permits rapid
association and dissociation under ambient conditions. Such
rapid hydrogen bond dynamics are important in a wide variety
of systems, such as the properties of watand biological

Hydrogen bonds can be separated into two categories:
intermolecular hydrogen bonds in which the hydrogen bond
donor and acceptor are in different molecules and intramolecular
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) and dissociation under thermal equilibrium conditions, as has
recently been demonstrated for a different type of setstdvent
complex system?14 Another 2D IR technique, narrow band-
width pump/broad bandwidth probe, has been used to study
chemical exchang®. The 2D IR VES method is a Fourier
transform spectroscopy like Fourier transform NMR and Fourier
transform IR, which can frequently provide superior data when
compared to non-Fourier transform methods. The observation
of fast chemical exchange proces4ésis another advance in
2D IR VES. 2D IR VES has been developed and applied to a
variety of problems over the last several yedrgs

) 9 |
J Il. Experimental Procedures
Figure 1. Structure of the intraintermolecular hydrogen-bonded complex The 2D IR VES experimental setup is similar to that described
of 2-methoxyphenol and toluene in the isolated state calculated with DFT previously?’ Briefly, three successive IR pulses-1 uJ/pulse) with
at the B3LYP/6-3%+G(d,p) level. the same polarization were applied to induce the subsequent emission
) o ) ) in a distinct direction of a time-delayed 4th pulse, the vibrational echo.
of this type of hydrogen bond in liquid solutions are challenging  The transform-limited pulses-60 fs,~4 cycles of light) are produced
because of its ultrafast time scale. using a Ti/Sapphire regeneratively amplified laser system pumping an
As described in detail below, 2-methoxyphenol (2MP) is an optical parametric amplifier. The IR pulses span sufficient bandwidth
example of intra-intermolecular hydrogen bonding when it is (300 cm™ centered at-4 um or 2500 cm?) to cover thev = 0 to v
dissolved in toluene or other aromatic solvents. 2MP forms an = 1 transition (denoted-61) and they = 1 to v = 2 transition (denoted
intramolecular hydrogen bond with the oxygen on the methoxyl 1~2) of the h)I/dro>|<yI ?]DdStretCthg Lnoddezs in goth mrt]rargole%ulgr an(lj
group, the acceptor for the hydroxyl hydrogen donor. The intra—intermolecular hydrogen-bonded 2MPOD. The OD hydroxy
. . stretch was studied rather than OH because the 2500 taquency
formation enthalpy of the intramolecular hydrogen bond of 2MP : ) . .
. . . region associated with the OD stretch has less overlap with other modes.
in cyclohexane was determined to b&.0 kcal/mol on the basis

> g . The vibrational echo pulse is detected with frequency and phase
of the spectroscopic datéWhen 2MP is dissolved in toluene,  esoiution by combining it with a 5th (local oscillator) pulse, and the

an intra-intermolecular hydrogen bond is formed, in which the - combined pulses are dispersed in a spectrograph. The function of the
m-electrons of the benzene ring act as a weak hydrogen bondlocal oscillator is to phase resolve and amplify the vibrational echo
acceptor. The formation enthalpy of the intermolecular part of signal. Data are thus obtained as a function of three variables: the
this three-centered hydrogen bond was determined te-b@.6 emitted vibrational echo frequencies, and the variable time delays
kcal/mol (see below). The calculated structure of the 2MP  between the first and second pulsejsgnd the second and third pulses
toluene complex is shown in Figure 1. The calculation was done (Tw: the variable “waiting” time). By numerical Fourier transform (FT),
with density functional theory (DFT) at the B3LYP/6-8G- the r scan data taken at evewy, are mapped to a second frequency
(d,p) level. The calculation is for the isolated molecules; that variablew, for eachT,. The data are then plotted in three dimensions,
N C . . . ’ the amplitude as a function of both, and wm, which correspond to
E’ ﬂ;]e:je IS no S?lvent '3 :Ee _CatICU|atI'0n' lThe dIStatnce betwee_nthewl andws axes, respectively, in 2D NMR. The 2D vibrational echo

g 1%’ 'B':Ogin a Omf anth ein r_artno eclu ar Iacche%c’r oXygend'sspectra presented here are obtained with the dual scan tecHni§ue
~2. , Whereas for the pure intramolecular hydrogen bond,
the distance isv2.11 A. The distance change shows that the (13) Fayer, M. D.; Zheng, J.; Kwak, K.; Asbury, J. B.Mplecular Dynamics/
intramolecular interaction is weakened by the intermolecular Eg?r%':rtl'cl"\"/: ngm's"y Meetingfonterey, California, May 2224, 2005;
interaction. The 2MP hydroxyl hydrogen atom points roughly (14) éh_enggébiévggié fggés‘{’%’ J. B.; Chen, X.; Piletic, I.; Fayer, M. D.

H cienc .

to the center of one of the{IC_: bonds that is para to the methyl (15) Kim, Y. S.; Hochstrasser, R. MProc. Natl. Acad. Sci. U.S.£2005 102
group of the toluene. The distance between the 2MP hydrogen 11185-11190.
atom and the toluenmetacarbon atom is~2.74 A, and the (1 ﬁ?“terse”' S Mu, Y.; Stock, G.; Hamm,Ghem. Phys2001, 266, 137~
distance to thepara-carbon is~2.82 A. 17) Zan‘ni, M. T.; Hochstrasser, R. I@urr. Opin. Struct. Biol2001, 11, 516~

. . . . . 522.
In the following, linear spectroscopic evidence will be (18) Golonzka, O.; Khalil, M.; Demirdoven, N.; Tokmakoff, Rhys. Re. Lett.
i in Fi 2001, 86, 2154-2157.
presented for the exlstence of the compl_ex _shown in Figure 1 (19) Merchant K. A.: Thompson, D. E.. Fayer, M. Bhys. Re. Lett, 2001
and for the formation enthalpy of the intrintermolecular 86, 3899-3902.

_di ; (20) Volkov, V.; Schanz, R.; Hamm, RPpt. Lett.2005 30, 2010-2012.
h,ydro,gen bond. Then' ultrafast two dlmgnsmnal (ZD) IR (21) Zanni, M. T.; Gnanakaran, S.; Stenger, J.; Hochstrasser, R. Rhys.
vibrational echo spectroscopy (2D IR VES) is used to measure Chem. B2001, 105, 6520-6535.

B ; (22) Asbury, J. B.; Steinel, T.; Stromberg, C.; Gaffney, K. J.; Piletic, I. R.;
the dynamics of chemlcal exchange between the zmme_ne Goun, A" Fayer, M. DPhys. Re. Lett 2003 91, 23740.
complex and free 2MP in a solution of low concentration of (23) Steinel, T.; AsEury, J.hB.; Corcelli, S. A.; Lawrence, C. P.; Skinner, J. L.;
: Fayer, M. D.Chem. Phys. LetR004 386, 295-300.

2MP and toluene as the solvent and to support the Species sy ashury, J. B.; Steinel, T., Fayer, M. Bhem. Phys. Let2003 381, 139
assignments made by linear spectroscopy. The formation and(zs) 124;»16. 1 Kk K. Steinel T Asburv. J. B Chen. X.- Xie. 1. F

. P . eng, J.; Kwak, K.; Steinel, T.; Asbury, J. B.; en, X.; Xie, J.; Fayer,
d|SSQC|at|on of the thlree-centered hydrogen' bond are dlregtly M. D. J. Chem. Phys2005 133 164301
monitored by observing the growth of off-diagonal peaks in (26) g;;éﬂ_,sl\él-?:QDemlrdoven, N.; Tokmakoff, AJ. Phys. Chem. 2003 107,
the 2D IR vibrational echo spectrurt?.~*° The measurements  (7) ‘asbury, J. B.; Steinel, T.; Fayer, M. . Lumin. 2004 107, 217-286.
provide the fast dynamics of solutsolvent complex formation (28) Khalil, M.; Demirdoven, N.; Tokmakoff, APhys. Re. Lett. 2003 90,
047401 (047404).
)
)

(29) Asbury, J. B.; Steinel, T.; Stromberg, C.; Gaffney, K. J.; Piletic, I. R.;
Fayer, M. D.J. Chem. Phys2003 119 12981-12997.

(30) Asbury, J. B.; Steinel, T.; Stromberg, C.; Gaffney, K. J.; Piletic, I. R.;

(12) Carlson, G. L.; Fateley, W. Q. Phys. Chem1973 77, 1157-1163. Goun, A.; Fayer, M. DChem. Phys. LetR003 374, 362-371.

(11) Taylor, R.; Kennard, O.; Versichel, W. Am. Chem. S04984 106, 244~
248.

2978 J. AM. CHEM. SOC. = VOL. 128, NO. 9, 2006



Intra—Intermolecular Hydrogen-Bonded Complexes ARTICLES

to reduce or eliminate dispersive contributions to the spectra. The phase intramol ——
correction procedure followed the method described previdiidine 1.0 g'r;}’)?"d 2MPOD
samples for the vibrational echo experiments are 3 wt % 2MPOD (OD - %gla‘mol. E%EOD
= hydroxyl OH replaced by OD)p-methyl-o-methoxylphenolOD 0.8 - ;?n‘[f’“" E‘,}T’f"d ﬂ"bond
(PMMPOD), and 2-exothyphenolOD (2EPOD) in toluene between ol
3-mm thick Cak windows with a 0.2-mm Teflon spacer. S06}

The OD stretch vibrational lifetimes and rotational relaxation times 5 | 2ueop
for the samples were measured with the polarization selective IR-pump é 0.4
probe experiments. The polarization selective IR ptipmbe experi-
mental setup is similar to one described previodsijhe laser source 0.2
is the same as that used for the vibrational echo experiments. For the
pump—probe experiments, the mid-IR pulse was spitted into two beams ool o L
of intensity ratio 20:1. The beam with higher intensity served as the 2560 2580 2600 2620 2640 2660 2680 2700
pump. The weaker one was the probe beam. The pump beam had frequency (cm™)

horizontal polarization, and the probe beam polarization wasetative Figure 2. FTIR spectra of 0.25 wt %-methoxyphenolOD in CGJ 1.3
to the pump beam. The probe beam was passed through a spectrograpfj; o 2-methoxyphenolOD in CGland 2 wt % 2-methoxyphenolOD in
and detected by a 32-element MCT array detector. A polarizer was toluene, showing the non-hydrogen-bonded, intramolecular hydrogen-
placed in front of the monochromator aligned to selectively measure bonded, and intraintermolecular hydrogen-bonded OD stretch peaks,
the parallel or perpendicular polarized signal relative to the pump beam. respectively.
Because the orientational relaxation is relatively fast compared to the
vibrational lifetime, it was possible to tail match the signals for the dipole moment of the speci€sThe area of each peak in a 1D IR
two polarizations to eliminate possible errors introduced by differences spectrum is proportional to the product of the concentration and the
in the amplitudes of the signals for the two polarizations. The method extinction coefficient (the square of the transition dipole moment) of
eliminates possible sources of error such as phase shifts caused bygach specie¥.Dividing the volume from the 2D IR spectrum & =
mirrors and different diffraction efficiencies of the grating for different 200 fs by the area from the 1D IR spectrum for the same species from
polarizations$?2 The sample concentrations and cells are the same as the same sample determined the extinction coefficient ratio for the
those used in the vibrational echo experiments. intra—intermolecular to the intramolecular hydrogen-bonded 2MPOD
Because the intramolecular and intiatermolecular hydrogen- to be 2.0.
bonded 2MPODs in toluene exchange on the same time scale as the All chemicals were purchased from Aldrich. They were used as
OD stretch vibrational and rotational decays, the vibrational lifetimes received. The deuterated hydroxyl hydrogen (OD) of the phenol
and rational relaxation constants for the species cannot be obtainedderivatives was prepared by deuterium exchange with methanolOD.
directly by performing pumpprobe experiments on the 2MPOD/  To obtain the deuterated phenol derivativeg of each undeuterated
toluene solution. The vibrational lifetime for the intramolecular phenol derivative was dissolved in 10 g of methanolOD and stirred
hydrogen-bonded 2MPOD in toluene was obtained by performing for 0.5 h. The solvent was then removed under vacuum. The procedure
experiments on 2EPOD/toluene solution because 2EPOD does not formwas repeated three times, and compounds wi#0% deuteration of
a complex with toluene, as discussed in detail below. It is assumed the hydroxyl hydrogen were obtained.
that the addition of one methyl will not make a significant change in The electronic structure calculations were carried out using density
the vibrational lifetime as it is well removed from the OD. The rotational functional theory?® as implemented in the Gaussian 98 program suite.
relaxation time constant for the intramolecular hydrogen-bonded 2MP The level and basis set used were Becke's three-parameter hybrid
was obtained by correcting the measured value for the 2EPOD by the functional combined with the LeeYang—Parr correction functional,
small volume difference between 2MPOD and 2EPOD. The rotational abbreviated as B3LYP and 6-3G(d,p). All results reported here do
relaxation constant for the intrantermolecular hydrogen-bonded 2MP  not include the surrounding solvent and therefore are for the isolated
in toluene was obtained by measuring thatpafethoxyphenolOD molecules.
(pPMPOD) in toluene solution. pMPOD forms a much stronger complex ] )
than 2MPOD because of the lack of the intramolecular hydrogen bond. !l- Results and Discussions
In toluene, there are essentially only pMP©DIuene complexes, and
therefore, the complex orientational relaxation time can be measured.
The OD stretch lifetime of the intraintermolecular bonded 2MPOD

A. Linear Spectroscopy.The experimental evidence for the
non-hydrogen-bonded, intramolecular hydrogen-bonded, and
was determined using the method described in Section IlI. B. intra—intermolecular hydrogen-bonded species is shown in

The formation enthalpy of the intermolecular part of the intra Flgure 2. FTIR spectra in F!gure 2 are for 0.25 wt % pMF’OD
intermolecular hydrogen bonding for 2MPOD in toluene was obtained N CCl, 1.3 wt % 2MPOD in CCJ, and 2 wt % 2MPOD in
by performing temperature-dependent FTIR measurements on the 3toluene. The peak at 2670 ctnis for the free OD stretch. In
wt % 2MPOD in toluene solution. The same sample cells as those usedCCls, phenol does not form an intermolecular complex when
in the vibrational echo experiments were used. The equilibrium constant the concentration is low enough to avoid phenol oligoniéfs.
for the two species in the 2MPOD/toluene solution was obtained by A para-substituted phenol has chemical properties similar to
comparing the areas of each peak obtained by fitting the FTIR spectrumthose for an ortho-substituted one, so the non-hydrogen-bonded

to Gaussian line shapes and correcting for the difference in extinction op stretch of the pMPOD will have essentially the same
coefficients. The extinction coefficient ratio for the intramolecular and frequency as 2MPOD would have if it did not form an

intra—intermolecular hydrogen-bonded 2MPOD in toluene was obtained
by comparing the 2D and one-dimensional (1D) IR results. The volume
of each peak at a very short, in a 2D IR spectrum is proportional to

the product of the concentration and the 4th power of the transition

intramolecular hydrogen bond. Therefore, the spectrum of
pMPOD displays the OD stretch in the absence of both

(33) Mukamel, S.Principles of Nonlinear Optical Spectroscqppxford
University Press: New York, 1995.

(31) Tan, H.-S.; Piletic, I. R.; Fayer, M. O. Chem. Phys2005 122 174501 (34) Fayer, M. DElements of Quantum Mechani&xford University Press:
(1745009). New York, 2001.

(32) Tan, H.-S.; Piletic, I. R.; Fayer, M. . Opt. Soc. Am. B005 22, 2009— (35) Parr, R. G.; Yang, WDensity Functional Theory of Atoms and Molecules
2017. Oxford University Press: New York, 1989.
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0.4 the solution is taken to be the standard concentration.) The
energy of formation of the 2MPtoluene complex from DFT
calculations is—0.5 kcal/mol (with zero-point energy correc-
tion). The entropy of formation is-12.1 and—11.1 J/(mol K)
from Figure 4A and B, respectively. The population ratio (also
the equilibrium constant, assuming the concentration of the
toluene in the solution to be the standard concentration) of the
complex to free 2MPOD in toluene at 297 K (room temperature)
is 0.66.

The data discussed above clearly show that an equilibrium
. L L L exists between two species, which have been taken to be the
260 2880 2600 2620 2640 three-centered hydrogen-bonded 2MP&DBluene complex in
frequency (cm") equilibrium with free 2MPOD. However, it is reasonable to
consider other possibilities. In CChnd other nonaromatic
solvents such as hexane, only a single peak is observed in the
intermolecular and intramolecular hydrogen bonding. The IR spectrum (see Figure 2). Therefore, the two species in
2MPOD spectrum in CGl displays the spectrum of the equilibrium must be associated with a complex to the aromatic
intramolecular hydrogen-bonded OD stretch at 2629%cifhe solvent. A possibility other than the proposed three-centered
hydrogen bond produces a shift to lower frequency (red shift). hydrogen-bonded complex in equilibrium with the free intra-
The spectrum for 2MPOD in toluene is considerably broader molecular hydrogen-bonded 2MPOD is a two-centered complex
than the spectrum in CEIThe spectrum consists of one main  in which the intramolecular hydrogen bond is broken and a pure
peak and an approximately equal amplitude shoulder. The mainintermolecular hydrogen bond between the hydroxyl and toluene
peak has the same frequency as the peak in,.Cilerefore, is formed. Figure 5 shows FTIR spectra of 2MPOD and pMPOD
we attribute it to the intramolecular hydrogen-bonded OD stretch in toluene. pMPOD does not have an intramolecular hydrogen
in the absence of the intermolecular complex formation (free bond. The smaller peak for pMPOD at 2668 Chis for the
2MPOD). The shoulder at around 2611 charises from the free OD stretch. The main peak at 2630 ¢nbelongs to the
intra—intermolecular hydrogen-bonded OD stretch, which is intermolecular hydrogen-bonded OD stretch (the hydrogen bond
further red shifted because of the additional hydrogen bonding. acceptor is the toluener-electron system). Intermolecular
Both the intramolecular hydrogen-bonded and inirdermo- hydrogen bonding produces a red shift. The magnitude of
lecular hydrogen-bonded 2MP are prominent in the toluene the shift is consistent with that observed for the phet@nzene
solution because the formation Gibbs free energy of the complext* In the 2MPOD spectrum, the peak-a2625 cn?t
intermolecular part of the intraintermolecular hydrogen bond  is the free 2MPOD hydroxyl stretch red shifted by the
is very small (see below). It was found that the frequency change intramolecular hydrogen bond (the hydrogen bond acceptor is
for the hydrogen-bonded hydroxyl stretch is linearly proportional the electron pair of the oxygen of the methoxyl group; see Figure
to the formation enthalpy of the hydrogen bond for the same 2). Then, the additional red shifting of the peak-&@610 cnr?
donor! Our results are consistent with this observation. Ad- is produced by additional intermolecular hydrogen bonding to
ditional FTIR experiments and the 2D IR VES data presented form the three-centered complex. This peak has a larger red
below confirm the identification of the main peak and the shift (more hydrogen bonding) than either the intermolecular
shoulder as the free 2MPOD and the 2MP&Dbluene complex, or intramolecular hydrogen bonds by themselves. It is interesting
respectively. to note that the 2MPOD pure intramolecular hydrogen bond
Figure 3 is the temperature-dependent FTIR spectra of the OD stretch is at 2629 cnt (Figure 2), which is only 1 cmt
2MPOD in toluene from 236 to 374 K. Itis clear that the lower- different from that of the pure intermolecular hydrogen bond
frequency peak becomes more pronounced when the temperaturef pMPOD with toluene. The intramolecular hydrogen bond is
decreases. These results show that the lower-frequency peak ia weak hydrogen bond because of the unfavorable georhetry.
less favorable entropically, consistent with our assigning it to The fact that the two peaks have virtually the same frequency
the OD stretch of the intraintermolecular hydrogen-bonded shows that the intermolecular bond of the hydroxyl to the
2MPOD. Lower entropy is consistent with a complex vs a free aromatic ring is about the same strength as the weak intra-
2MPOD and a free solvent molecule. The shouldera610 molecular hydrogen bond. The fact that the two types of
cm ! is the peak of the 2MPOBtoluene complex. The  hydrogen bonds have about the same strength is a play off
increasing amplitude of this peak with decreasing temperature influences. Normally, hydrogen-bonding interactions would be
shows that the equilibrium shifts to more complexes at lower stronger for an oxygen acceptor than for theslectrons of
temperatures. toluene as the acceptor. However, the geometric constraint of
Figure 4A and B are van't Hoff Plotsfor 2MPOD in toluene  the intramolecular hydrogen bond weakens the hydrogen bond.
plotted from 297 to 345 K and from 250 to 291 K (independent The unfavorable geometry of the intramolecular hydrogen bond
measurements). The enthalpy of formation of the 2MPOD/ reduces the efficacy associated with the oxygen acceptor
toluene complex in the toluene solution (or the intermolecular compared to the intermolecular-electrons as the acceptor,

part of the intra-intermolecular hydrogen bonding) is0.61 resulting in intra- and intermolecular hydrogen bonds of about
kcal/mol for both plots. (The concentration of the toluene in the same strength.

(36) Chang, RPhysical Chemistry for the Chemical and Biological Sciences F_0r 2MPOD/toluene, the peak at 2625 chis aSSIQned to
University Science Books: Sausalito, 2000. an intramolecular hydrogen bond only, and the shoulder at 2610

absorbance

Figure 3. Temperature-dependent FTIR spectra of 3 wt % 2-methoxy-
phenolOD in toluene from 236 to 374 K.
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Figure 4. van't Hoff Plots derived from two sets of temperature-dependent FTIR measurements. The formation enthalpy for-theeintralecular
hydrogen bond is found to be0.6 kcal/mol from both measurements.

2640k A
12 intramol. intermol.
L H-bond H-bond
onl only
1.0 F intramol, )
L and
3 intermol. pMPOD
é 0.8 | H-pond in toluene
38 L
o 0.6} 2MPOD
2 | in tolyene
® b
0.4 digsociation
0.2
L 1 L 1 n 1 n 1 n 1 n 1
2560 2580 2600 2620 2640 2660 2680
frequency (cm™) formation
Figure 5. Hydroxyl stretch FTIR spectra of 2 wt $methoxyphenolOD 2880 2600 2620 2640 2580 2600 2620 2640

(PMPOD) and 2-methoxyphenolOD (2MPOD) in toluene. The pMPOD @ (omt) @y (em)

spectrum shows two bands. The higher-frequency small shoulder is the freeFigure 6. Schematic illustrations showing the peaks appearances at short
species, and the lower-frequency band is the intermolecular hydrogen- and longTy in 2D IR spectra for two peaks that are well resolved in the
bonded complex. The 2MPOD spectrum shows two bands. The higher- linear absorption spectrum (A before exchange and B after exchange) and
frequency band is the free species with its intramolecular hydrogen bond, for two overlapping peaks (C before exchange and D after exchange). The
and the lower-frequency band is the intiatermolecular hydrogen-bonded  growth of the off-diagonal peaks will form a square rather than resolved
complex. off-diagonal peaks for two peaks that overlap substantially in the linear
. . . . b ti t .
cm™1is assigned to the intraintermolecular bond. The peak absorption spectrum
at 2625 cm! has almost the same position as the intermolecular
hydrogen bond only peak for pMPOD/toluene (Figure 5) and
the intramolecular hydrogen bond only peak for 2MPOD/LCCI
(Figure 2). Another possibility is that the 2MPOD/toluene peak
at 2625 cm?! is the intermolecular hydrogen bond only, and
the equilibrium with the intraintermolecular bond (shoulder
at 2610 cm?) involves making and breaking the intramolecular
hydrogen bond rather than formation and dissociation of the

solute—s_ol\]fent t;:omplle;. Altr;)ou%h tlr_us Seems |mplau3|blf|e, T of two peaks on the diagonal, reflecting the Dtransitions of
|c_|annot n ?Ct e ruie out by tl el Inear srp:ectr?]scorp])y aloNe. e two vibrations. This is shown schematically in Figure 6A.
owever, electronic structure calculations show that the activa- Again, the peak for the complex is at a lower frequency along

tion energy tp brgak the _intramolecular hydrogen boné % the wm axis. Two other peaks (not shown), corresponding to
kealfmol. This high barrier would produce slow exchange, the 1-2 transitions, will appear off diagonal, shifted to lower

est|mated3to be- 10]9 pS. Ashshown below, the_ 2D _Ing_esuItss frequency along they, axis by their vibrational anharmonici-
measure 3 ps, confirming the assignments given in Figure 5. eq1438These peaks have been discussed in detail in the context

B. 2D IR_Vlbratlon_aI Ec_ho_ Experiments and Analyss of of 2D IR VES chemical exchanéfeand will be returned to when
the Dypamlcs.The dlssomatlop ethaIpy (negative sign of the needed later. Afl,/’s that are long compared to the chemical
formguon enthalpy) ,Of the intraintermolecular .hyc.irogen exchange time (inverse of the rate constant of formation and
.bondllng was determined to be 0.6 kcal/mol, which is almost dissociation of the complex), off-diagonal peaks will have grown
identical to the thermal energy at room temperature. Therefore, in, which is shown schematically in Figure 6B. The peak labeled

't_ m|ght _be gnt|g|pated that the _2MPGDo|uene complex dissociation appears as the complex dissociates, and the peak
dissociation time is fast. Recently, it has been demonstrated tha'iabeled formation appears as the complex forms. The rate of
,2D IR VE,S can be used to dlrectly. measure chemmal exChangegrovvth of the off-diagonal peaks provides the chemical exchange
in real time under thermal equilibrium conditioks15 In
addition, 2D NMR has been used to measure chemical exchangg3?) Emst, R. R.; Bodenhausen, G.; WokaunNclear Magnetic Resonance
on much slower time scales for some tiﬁialthough there are in One and Two Dimension®xford University Press: Oxford, 1987.

L . . (38) Rector, K. D.; Kwok, A. S.; Ferrante, C.; Tokmakoff, A.; Rella, C. W.;
significant differences between 2D IR VES chemical exchange Fayer, M. D.J. Chem. Phys1997 106 10027.

measurement on ultrafast time scales and 2D NMR measure-
ments. Here, a qualitative discussion will be presented.

First, consider the case in which the linear IR spectrum shows
well-resolved peaks for two species, e.g., a hydrogen-bonded
complex and a nonbonded one (the phenol/benz@t&,
system is of this type; see ref 14). The peak for the complex is
at lower frequency. AfT,’s that are short compared to the
exchange time, the 2D IR vibrational echo spectrum will consist
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Compared with the 1D IR spectrum in Figure 2, the 2D spectrum
clearly resolves the two species better. In the 1D spectrum, the
complex is a shoulder on the low-energy side of the free peak,
and in the 2D spectrum, the two peaks are distinct. As with the
2MPOD-toluene spectrum in Figure 2, the hydroxyl stretch

transition is shifted to lower frequency because of increased
hydrogen bonding when the three-centered complex is formed.
In the 500 fs panel, it is evident that the shape has begun to

2630

1610

1500

2630

= change, and in the 1 ps panel, the effect of the growth of the

g ff-di | peaks on the shape of th i |

S e off-diagonal peaks on the shape of the spectrum is very clear.

N In the 2 ps spectrum, the shape is almost the approximately
2590 square shape discussed in connection with Figure 6, and the 5

ps spectrum has obtained the approximately square shape
illustrated schematically in Figure 6D.

Other factors besides chemical exchange also influence the
2D spectrum. These are spectral diffusi®ngrientational
relaxation’® and vibrational relaxatiofi: None of these produce

2630

2610

off-diagonal peaks. Spectral diffusion is the result of time-

0 L. / dependent interactions of the vibrational transition with the
2500 2610 2630 1500 2610 2630 solvent. These interactions cause the transition frequency to

o, (em) fluctuate. At short time, the diagonal peaks’ line shapes

Figure 7. Shows the 61 region of theT,, dependent 2D vibrational echo measured _in the 2D \_/ibr"f‘tional echo _SpeCtrum are elongated
spectrum for 2MPOD in toluene. The growth of the cross-peaks changes along the diagonal, which is caused by inhomogeneous broaden-
the shape of the spectrum, which becomes square after substantial exchangeng. As T, increases, the frequency of each molecule samples

L . _ an increasing fraction of the entire absorption spectrum (spectral
kinetics when properly analyzed. If the system is in equilibrium, diffusion). At sufficiently longT., the entire line is sampled,

the r_ate of formation quals the rate of d'SSOC'aF'On’ a_nd the two and the dynamic line width is equal to the absorption line width.
off-diagonal peaks grow in together (see further discussion below). In the 2D spectrum, complete spectral diffusion is manifested

For the situation in which the linear IR absorption of the by a change in the 2D line shape from elongated along the
complex appears as a shoulder on the low-frequency side Ofdiagonal to symmetrical about the diagof&This change can

th.e free ZMPOP (sge Figure 2), at a shﬂ?ﬂ; the spectrum be seen most clearly by comparing the central contours of the
will appear as in Figure 6C. The peaks in the 2D spectrum free peak at 200 fs and 2 ps

appear on the diagonal but overlap in a manner related to the
overlap in the linear spectrum. Fdy’s that are long compared

to the exchange time, off-diagonal peaks will have grown in.
As with the diagonal peaks, the off-diagonal peaks will overlap
the diagonal peaks, as illustrated schematically in Figure 6D.
Although the off-diagonal peaks are not well resolved as they
are in Figure 6B, they are clearly in evidence by the change in
shape from the short time spectrum to an approximately square
shape. It is straightforward to obtain the exchange rate by
observing the growth of the off-diagonal peaks. As has been
discussed in detail, whether the off-diagonal peaks are well
resolved or not, to obtain the chemical exchange rate constant
it is necessary to fit all four peaks (diagonal and off-diagonal)
in the 2D IR vibrational echo spectrum.

Figure 7 displaysT,-dependent 2D IR vibrational echo All of the d ical oh di d litatively ab
spectra of the 2MPOBtoluene system for the-0l transition ofthe dynamical phenomena discussed qualitatively above

region. For each panel, there are the equivalent peaks for the?'® combined in the quantitative a_nalysis Of. the qlat_a. The data
1-2 transition region shifted to lower frequency along the are analyzed to obtain the formation and dlssoc_latlon rates_ of
axis by the 100 cm! anharmonicities of the transitions. These t_he thre_e-centered hydrqgen-bond(_ad complex_ using a complna-
are not shown but were used in part of the data analysis astion of time-dependent diagrammatic perturbation theory, which

discussed below. Each contour represents a 10% change irplescribes the nonlinear optical interactions with the molecular

amplitude of the peaks. The 200 fs panel corresponds to a shortVibrations:’{%'43 and kinetic equationSt A brief discussion is

T. at which negligible chemical exchange has occurred. In presented here. Figure 8A,B qualitatively illustrates the radiation
w .

Flgure 2, the,complex appears as the Iow-energy shoulder On(39) Tokmakoff, A.; Urdahl, R. S.; Zimdars, D.; Francis, R. S.; Kwok, S.; Fayer,
the 2MPOD in the toluene spectrum. In the 200 fs panel of M. D. J. Chem. Phys1995 102, 3919-3931. '
Figure 7, the two peaks, the 2MPOfbluene complex and free  (40) '139‘37mev B. J.; Pecora, Rynamic Light Scattering. Wiley: New York,

2MPOD, are clearly visible on the diagonal. The complex and (41) Egorov, S. A.; Everitt, K. F.; Skinner, J. . Phys. Chem. A999 103

Spectral diffusion changes the shapes of the peaks but
preserves their volumé433 Orientational relaxation and vibra-
tional relaxation cause all peaks to decay in volume in contrast
to chemical exchange, which causes the off-diagonal peaks to
grow and the diagonal peaks to shrink. Orientational relaxation
during theT,, period reduces the peak volumes but does not
cause them to decay to zeft*? Vibrational relaxation does
cause the peaks to eventually decay to zero. The relaxation times
are not the same for the two species, which can be seen in the
2D spectra. Each spectrum has been normalized to the largest
peak at the associatélt. By comparing the 200 fs and 2 ps
'data, particularly the central contour, it is clear that the diagonal
peak for the complex has decayed more rapidly than the diagonal
peak for free 2MPOD.

- ; 9494-9499.
free peaks are the Iower-frequency (2611_é)r‘and h|gher- (42) Berne, B. J.; Pecora, Rynamic Light ScatteringJ. Wiley: New York,
frequency (2629 cmt) peaks along the, axis, respectively. 1990.
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A Inspection of the data in Figure 7 shows that complexes form
O )———— a p)—— and dissociate on a few picoseconds time scale. Because of
. spectral diffusion, the shapes of the peaks change WjthHn
| >’.'_ | |l>’._ : the absence of all other dynamical processes, the change in shape
wCET iféwc ez :Zéa’c preserves the volume of a peak, but the peak amplitude is
|0)J]—2 [0y ' reduced as the peak broadens alongahexis. Therefore, the
T, 3 e 12 T 3 e : . ) .
g w integrated peak volumes are fit to obtain the population
B dynamics. The volume of each peak as a functiorilpfis
O |2 2 a2 2) obtained for each species by fitting the entire spectrum at each
Dissociation Tw with four 2D Gaussians. These fits can reproduce the
|l)'f__T’ : I |l>}__ ' I spectrum at eacfi,, almost perfectly. The volumes are then
wciT Yooy wci‘f oiesociation | T QY scaled appropriately by the transition dipole moment ratio of
[0 T * e|0) [0 = -5 ; " |0) the complexed and free species to obtain the population for each

_ ) S ) species. The populations are fit with the kinetic equations to
Figure 8. Energy level diagrams with radiation field interactions represent-

ing the pathways that give rise to the diagonal and off-diagonal peaks in yield the elxch.ang'e rate constants. By using the peak volumes,
Figure 7. See text. spectral diffusion is accounted for.

As described above, there are three processes that contribute
to the change in the peak volumes: the OD vibrational relaxation
in free and complexed 2MPOD (lifetim&g = 1/k and T, =
1/k;), the orientational relaxation (time constamts= 1/(6Dy)
respectively. The frequency of the complexis= 2611 cn?, andz; = 1/(6D.°); D is the orieptatiqngl diffusion coqstgnt),

and the chemical exchange dissociation and association rate

and the frequency of free 2MPOD is; = 2629 cml. The Y . . :
other peaks in the-61 and 12 regions are obtained in the constantky andk,. The vibrational relaxation and orientational
relaxation lead to diminishing intensities of all peaks with

analogous manner. The frequency at which the first radiation . . : . - .
field interaction (first pulse) excites a mode is the mode increasingly. Even complete orientational randomization during

frequency on thev, axis (horizontal axis) in the 2D spectrum. the T,, period does not cause the vibrational echo to decay to

The first interaction produces a coherence (coherent superposi-zero' Therefore, the chemical exchange time does not have to

tion state) between the 0 and 1 states. In Figure 8, coherence§’e short compared to the orientational relaxation time. The

are represented by dashed arrows. The second interaction withChermC""I exchange causes the diagonal peaks to diminish and

the radiation field (second pulse) produces a population (solid :Ee %ff-q|ag?nt?1l peaks to_grom;z as can kt?e stgen mdFlIgure 7. On
arrows) either in the 1 state (I in Figure 8) or in the O state (I € basis ot these consicerations, a Kinelic model was con-

4,47 ineti i
in Figure 8). The third interaction (third pulse) again produces tsr':rucét_edl. 'll'he kllnettlcz gﬂ]emz 'SGSlhlo_\gn (r;ce:re fo(; ttvr\]/o p;aks,
a 0—1 coherence followed by the vibrational echo emission € diagonal peak & an nCC) an e ot

(wavy arrow) at the same frequency as the coherence induce lagonal tpet?]k at 26|11t_ and f2629 Clh(CF) T tElgured7.ﬂC_ZC
by the third pulse. The frequency of the vibrational echo represents the popuation of compiexes at the end o e
emission is the frequency on thg, axis (the vertical axis). In perlod .(the time of the third pulse) that were also complexgs
Figure 8, the pathways | and Il each contribute half of the signal. immediately after the sgcond pulse. CF represents the population
First, consider Figure 8A for complexes that have not that were complexes immediately aftt_ar the second pulse but
dissociated during thd,, period (or have dissociated and are free ZMEODs_at the end of tfig period. Some complexes_
reformed a complex prior to the third pulse). Both pathways (I may have dissociated after the second_pulse_but reassoqlated
and Il) begin at frequency. and emit the vibrational echo at by Tw. These are pf”‘” Of. the CC popglatlon. I |s.also .p055|ble.
we. Thereforew, = wm = we, giving rise to the diagonal peak for a complex to dissociate, reassociate, and dissociate again

for the complex (2611, 2611 cr#). Now, consider Figure 8B during theT,, period. These would be part of the CF population
for complexes that diésociate during t,m@ period. The first and so forth. In this model, orientational relaxation is taken to

e g .
interaction is atvc, but the last interaction and vibrational echo ge d'ffléswf' T_h'st IS t_)orn :y the fact that i.hph me_?rs]ured t(ljmle .
emission are ats. Therefore,w, = w¢ but wm = wy, giving ependent anisotropies decay exponentially. 1he model IS

rise to the off-diagonal peak for dissociation (2611, 2629%9m llustrated schematically as:

field-matter interactions that give rise to the diagonal peak for
the three-centered complexiff, wm) = (2611 cm, 2611 cmt)]

and the off-diagonal peak created by dissociation of the complex
(2611, 2629 cml) in the 0-1 region of the spectrum,

At short Ty, (Figure 7, 200 fs; Figures 6A,C) only Figure 8A T, K, Tor
comes into play, and there are only peaks on the diagonal. At “decay CCf CFE;

long Ty (Figure 7, 5 ps; Figure 6B,D) both 8A and B contribute

to the signal, and there are diagonal and off-diagonal peaks.  The differential equations derived from this kinetic model
The exchange during the period (time between pulses 1  are

and 2) is not considered here because for slow or moderate

exchange rates it causes decay of the diagonal peaks but doed([CC(t)] x T (t,6)) 5

not contribute to the off-diagonal peaks. If the exchange is much dt = ~(kt ks T D) x (ICCWO] x

faster than the frequency difference between two peaks (I8 cm f(t,0)) + k, x ([CF®)] x f(t,0))

— 1.85 ps), motionally narrowing will result in a single peak

in the spectruni*=® In the systems considered here, the d([CF®] x f(t.6)) _ “(k + k + D.I2 CFE(t

exchange rate is relatively slow. dt = (e ket DY) < (ICFOT >

(43) Mukamel, SAnnu. Re. Phys. Chem200Q 51, 691-729. fi(1,0)) + ky x ([CCM)] x f(t,0)) (1)
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where the quantities in square brackets are the time-dependent 1.0

concentrationd(t,0) is the angular distribution function for the i

complex (c) and the free species (Pid the spherical harmonic 08

operator,D. and D are the rotational diffusion constants, and o b N ooy hiagona

ke andk; are the vibrational decay constaritgandky are the L 06 Exchanged peaks (off-diagonal)
association and dissociation rate constdhfstom these two 2 - v

equations, the equations for the time-dependent volumes of peak % 04f ¢

CC (Vcc(t)) and CF YcH(t)) are derived. The complete solutions g [ ¢

of these equations are given in the Supporting Information. In 02f

the above equations, onky andky are unknown variables, and I

all the other parameters are experimentally measured. The Y1) o N S SN S I,
dissociation rate (number per unit time) of the complex equals o 1 2 3 4 5§ 6 7
the formation rate if the system is in equilibrium. The complex T, (ps)

dissociation time constantg (given in picoseconds below), is  Figure 9. T, dependent data (symbols) for 2MPOD showing the time
independent of concentration. Thereforg, is reported and depe”defnche OZthhe_bfWQ dlalgonﬁl and two Off'_d'algona' F;effl_khsv in e 0

. _ _ . . - region of the vibrational echo spectra as in Figure 7. e curves are
discussedrq = 1/l_<d' Wh_er_ekd - ka/Q.66 is the dissociation rate from a fit to the data with one adjustable parametgrusing the kinetic
constant. The dissociation rate kgicomplex]. Because the  model. Other parameters in the model are determined experimentally.
equilibrium constant is known, there is actually a single 7¢= 3+ 0.6 ps.

unknown parameter. The volumes are scaled appropriately by .
the transition dipole moment ratio for the two species. The 1S 6-2 ps. Exchange will cause the observed pttpipbe decay

volumes of the diagonal peak¥cc and Vir, depend on the for the complex to be slower than the true lifetime. However,
fourth power of their respective transition dipole momepfs, the exchange rate determined below is not highly sensitive to
andy?. The off-diagonal peaks/cr and Vec, both depend on the lifetime. We found that variation of the value of 4.9 ps by
/éufz 1c and s are the 6-1 transition dipole moments of the +1 ps did not change the value of the exchange rate. Once the

OD stretch for the complexed 2MPOD and free 2MPOD. It exchange rate was determined, we used its value, the lifetime
was determined experimentally that = 2 by combining of the free species, the observed purpobe decay for the.

the 1D and 2D IR measurements as mentioned above. Thus'compl_ex, and the (_approprlate pair of coupled differential
the scaled volume is the actual volume divided by 1 for the equations to determine the true lifetime of the complex to be

free peak, divided by 4 for the complexed peak, and divided 4.6 ps. Because the vibrational and rotational parameters for

by 2 for the cross-peaks. A set of equations equivalent to eq 1 the 2MPOD solution were not measured directly, we allowed

applies for the free diagonal peak (FF) and the free associatingeaChIt'D"’tlr"’l(;n?ter t.o V?ﬁy Lps |nbf|tt|ng the data and used the
to complex off-diagonal peak (FC). results to determine the error bars fQr

The data for the ©1 transition region consist of four time- Figure 9 shows the peak volume data for thelQransition

dependent components: the two diagonal peaks (the three-€9'0N _Of the spectrum as a function .. _The data are
centered complex and the free 2MPOD) and the two off- normalized to the largest peak & = 0. The simultaneous fit.
diagonal peaks (dissociation and formation of the complex (SO!'d curvgs) o the time dependence of all of the peaks. using
during theT,, period). All four peaks can be reproduced with ?hsw(;gle aqjl:.s tat:!e pafrar?he efa, IS }/ery g_oog .OFiro(r)n 6the fits,
the single adjustable parameteg, by inputting the known € dissociation ime for the complexg = 3. O PS.

constants and fitting the data with the kinetic equations. The ; Iln adq#:ond tto ﬁMP%D’ PMMPOD was als?h Stu?edZI\I/InPOD
input parameters used afe = 5 ps,T; = 6.2 ps,zc = 6.6 ps, oluene. The data have the same appearance as those for

7 = 4.0 ps, and the ratio of the complexed and free 2MPOD (Figure 7). Figure 10A displays the peak volume data for the

concentrations, [complex]/[free} 0.66. The intramolecular 0—1 transition region O.f the spectrum. The.data were fit using
hydrogen-bonded (free) 2MPOD vibrational lifetim&)(was the same data processing procedure des_crlbgd above_. '_I'he input
directly obtained by measuring that of 2EPOD in toluene, and parameters are [complex}/[free} 0.8, extinction coefficient

the rotational relaxation time constant was measured for 2EPOD"31° (complex/freey= 1'55’T‘? =5 ps,TT - (.5'2 PS,7c = 7.3

and scaled by the volume ratio of 2MP and 2EP= 4.4 x ps, andr; = 4..4 ps. The solid curves in Figure 10A are the
0.9 = 4 ps). For the intraintermolecular hydrogen-bonded results of .the fits and y|elgjg =34+ 0.6 ps. The aFjd|t|on of
2MPOD, the rotational relaxation time constant was directly a methyl in th? para posm_on may have a small mfluenc_e on
obtained from measuring that of the pMPOD in toluene (they the complex dissociation time, but the difference falls within
have virtually the same volumes). The vibrational lifetime of the error barg of th(_a measurements.

the 2MPOD-toluene complex was obtained by performing a The. questlor) arises as to whethas and the relgted
pump—probe experiment at 2610 ¢y which is on the shoulder formatlon and dlssoc@lon rates of the two sy.ste'ms StUd'.e(.j here
of the spectrum in Figure 2. A fit to the spectrum showed that are in facF the dynamics u_nd_er thermal equilibrium cond|t|qns.
this wavelength is virtually pure complex absorption. However, Itis pos_,s_lb!e that the excnat|or_1 of the hy_dro>_<y| stretch shifts
exchange will modify the measured lifetime. The observed the equilibrium, and the dynamics shown in Figures 9 and 10A

pump-probe decay is 4.9 ps. The lifetime of the free 2MPOD ip part reflect the relaxation to the new equilib.rium cqnceptra-

tions. Two tests can be performed to determine if vibrational
g{‘s‘g gg{fg@o'DR-vﬁh&eRnf- 'F-,ﬁt;-sllggf 29 10 a12. excitation has influenced the measurement of equilibrium
(46) Levinger, N. E.; Davis, P. H.; Behera, P.; Myers, D. J.; Stromberg, C.; dynamics. First, if the system is in thermal equilibrium, the two

Fayer, M. D.J. Chem. Phys2003 118 1312-11326. i ;
(47) Cang, H. Thesis: Dynamics in Complex Liquids. Stanford University, off qllago_na_l peaks will gro_w at the same rate bec"?‘ste the rates
Standford, CA, 2004. of dissociation and formation are the same at equilibritirs
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Figure 10. T, dependent data (symbols) for pMMPOD in toluene showing the time dependence of the two diagonal and two off-diagonal peaksl in the O
region (A) and the 2 region (B) of the 2D vibrational echo spectra. The curves in A are from a fit to the data with one adjustable parametieg

the kinetic model. Other parameters in the model are determined experimengaty3.4 + 0.6 ps. The curves in B are obtained without adjustable
parameters using the same parameters as those in A. The agreement shows that the thermal equilibrium is not perturbed by vibrational excitation.

can be seen from Figures 9 and 10A, the growth of the formation 10
and dissociation peaks (off-diagonal chemical exchange peaks)
is identical within experimental error. 0.8

Another test involves comparing the—Q data to the
equivalent data for the-12 transition. In Figure 8B, it can be
seen that there are two pathways that contribute equally to the
0—1 signal. For one pathway, the system is in the ground state
(v = 0) during theT,, period (Figure 8B(l)). For the other r
pathway, the system is in the excited state<( 1) during the 02
Tw period (Figure 8B(ll)). Half, 50%, of the signal arises from i
each of these pathways. For the-2 portion of the 2D
vibrational echo spectrum, there is one pathway that has the
same flr_St two mteractlons as thos_e in Figure 8B(). Aftpfr the Figure 11. FTIR spectra of 2-methoxyphenolOD and 2-ethoxyphenolOD
second interaction, the system is in the= 1 state. The third  in'toluene. The lack of a low-frequency shoulder in the 2EPOD spectrum
interaction (third pulse) can produce a coherence between theshows there is little or no complex formation.
v=1andv = 2 levels, and the vibrational echo is then emitted
at the frequency of the-12 transition, which is shifted to lower
frequency by the vibrational anharmonicity (100 ¢ The
portion of the 2D spectrum that occurs from vibrational echo
emission at the 22 frequency only involves a pathway in which
the system is in the = 1 state during tha,, period. Therefore,
the 0-1 portion of the spectrum involves 50% of the signal in
which the dynamics might be influenced by vibrational excita-  C. Structural Influences on the Intra—Intermolecular
tion whereas the 42 portion of the spectrum involves 100% Hydrogen Bond. To explore some general chemical properties
of the signal that might be affected by vibrational excitation. If of the intra-intermolecular hydrogen bond, we varied the
the measured dynamics are the same for these two portions ofstructures of both intramolecular and intermolecular acceptors
the spectrum, then vibrational excitation did not influence the and found that the three-centered hydrogen bond is very sensitive
thermal equilibrium chemical exchange rates. to small structural changes.

2MPOD has an accidental degeneracy betweernvtke 2 When one more methylene group is added to the methoxyl
level of the hydroxyl stretch and a combination b&hdhe group of 2MPOD to become 2-ethoxyphenolOD (2EPOD), there
accidental degeneracy results in additional overlapping peaksis virtually no intermolecular hydrogen bonding between 2EPOD
in the 1—-2 portion of the spectrum which makes it difficult to and toluene at room temperature, in contrast to 2MPOD. The
analyze the time dependence of the chemical exchange. Thedifference between the two solutes’ tendency to form complexes
addition of thepara-methyl group in pMMPOD shifts the  can be seen in the linear absorption spectrum shown in Figure
energies of the states sufficiently to eliminate the accidental 11. The 2EPOD spectrum has at most a very small shoulder on
degeneracy and clean—2 spectra results. Therefore, we the low-frequency side in contrast to the 2MPOD spectrum. The
performed the second test for perturbation of the thermal shoulder in the 2MPOD spectrum arises from complex forma-
equilibrium dynamics on pMMPOD. Figure 10B shows the data tion. 2D IR vibrational echo measurements confirmed the results
for the 1-2 portion of the 2D spectrum. The curves through from the linear IR spectra. Figure 12 shows 2D vibrational echo
the data are not fits. They are calculated with no adjustable spectra for 2EPOD af,, = 200 fs (A) and 2.5 ps (B). At 200
parameters using the parameters includipgbtained for the fs, there is a single peak elongated along the diagonal in contrast
0—1 transition. We find no difference in the kinetics for the to the 200 fs panel of Figure 7. The elongation is caused by
0—1 and 12 portions of the spectrum, within experimental inhomogeneous broadening at shdgt At 2.5 ps, the shape
error. Therefore, in these systems, vibrational excitation doeshas changed substantially, becoming almost round, because of
not perturb the thermal equilibrium chemical exchange kinetics. spectral diffusion. However, the characteristic approximately

0.6

absorbance

0.4

0.0
2560 2580 2600 2620

frequency (cm™)

2640

The same result was found for the phenbénzene complex
formation and dissociatioH. |t is important to point out that if
vibrational excitation does perturb the chemical exchange
kinetics of a system the ground-state thermal equilibrium kinetics
can be recovered by using the observed kinetics from both the
0—1 and -2 portions of the spectrum in the analysis.
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T =200 T centered complex, in the free 2EP, the methyl group is in the
AP anti position relative to the benzene ring. The gauche config-
—~ 2630 | uration is ~1.4 kcal/mol higher in energy than the anti
_'a R configuration from the DFT calculations. It is important to
) emphasize that this calculation does not include toluene solvent.
. 2610 B Thus, to form the intraintermolecular hydrogen bond, 2EP
) s must assume a higher energy configuration, which destabilizes
the complex, compared to 2MP. The formation energy for the
2590 F . .
2EP-toluene complex (isolated molecules, no solvent) is
B calculated to be 1.3 kcal/mol (with the zero-point energy
correction), which is 1.8 kcal/mol higher than that of the 2MP/
— 2630 toluene complex-0.5 kcal/mol from the equivalent calcula-
D tion). On the basis of this energy difference, the Boltzmann
E 2610 distribution at room temperature gives the number of 2EP
"; toluene complexes to be5% of the number of 2MPtoluene
ol complexes. This is consistent with the lack of any obvious
2590 | indication of 2EP-toluene complexes in either the absorption
L or 2D vibrational echo spectra.
2590 2610 2630 The intra-intermolecular hydrogen bond is also formed
w, (Cm'l) between toluene and other ortho-substituted phenol derivatives,
Figure 12. 2D IR spectra of 2-ethoxyphenolOD in toluene at (B) = e.g., 2,6-dichlorophenol, 2-chlorophenol, and 2-bromophenol.

200 fs and (B)Tw = 2.5 ps. A single peak appears in both spectra showing In some sense, this intrantermolecular hydrogen bond can
that no intra-intermolecular hydrogen-bpndgd complex is formed. The peak glso be called a-hydrogen bond,but it is different from the
shape changes because of spectral diffusion. .
usualzr-hydrogen bonds such as the bonding between phenol
9 and benzene, in that the three-centered hydrogen bond is much
A more sensitive to steric effects on the benzene ring of the
> 5 hydrogen bond acceptors. According to the literaiteand
ﬁ our own result$? the binding energy between phenol and
9‘ I benzene (zero additional carbons on the ring), toluene (one
9 additional carbon on the ring);xylene (two additional carbons
9 on the ring), and mesitylene (three additional carbons on the
f ring) increases in the order of benzereoluene < p-xylene
< mesitylene because the-electron density on the ring
B increases with increasing number of methyl substituents. The
increase in the strength of the phenol complexes with an
increased number of methyls on the acceptor occurs even though
H:' - the steric effects that can inhibit the formation of théaydrogen
bond increase with increased number of methyls. Therefore, in
9 complexes with phenol, the-electron density increase out-
Figure 13. The structures of (A) the 2-ethoxyphenol/toluene complex and Weighs the adverse steric effects. The binding energies between
(B) 2-ethoxyphenol calculated with DFT at the B3LYP/643&(d,p) level. 2MPOD and these aromatic solvents show the opposite trend,
See text. as demonstrated by the FTIR measurements displayed in Figure
) ) 14. In the linear IR spectra, the proportion of the shoulder at
square shape seen at the longigis for 2MPOD (Figure 7) is 5611 o for the intra-intermolecular hydrogen-bonded OD
absent. As discussed in conjunction with Figures 6 and 7, the gyretch clearly decreases as the number of methyl groups on
square shape is indicative of the growth of off-diagonal peaks e golvent increases. The strengths of the complexes are
caused by chemical exchange between the complex and freq)anzene> toluene> p-xylene> mesitylene. The results imply

species. that the adverse steric effects that occur with an increased

DFT structure calculations provide a possible explanation for ,,mner of methyl groups are more important than the increases
the difference between 2EPOD and 2MPOD in their tendency i, ;. electron density in forming the three-centered hydrogen

to form a three-centered hydrogen bond with toluene. Figure ,,n4 in this series of solvents.

13A,B shows the optimized isolated molecule structures for the

2EP/toluene complex and the free 2EP molecule, respectively.!V. Concluding Remarks

To form the intra-intermolecular hydrogen bond with toluene, In this paper, the formation and dissociation of organic

the end methyl group of 2EP has to be in the gauche position g te-solvent complexes were investigated. By performing

relative to the benzene ring. As can be seen in Figure 13A, the yonerature-dependent linear IR absorption experiments and 2D

methyl group is below the plane of the benzene ring. If the | honjinear vibrational echo measurements, it was determined
ethyl substituent is in the anti configuration, the terminal methyl
group prevents the toluene from obtaining the necessary position(4s) Arett, E. M.; Joris, L.; Mitchell, E.; Murty, T. S. S. R.; Gorrie, T. M.;
to form the intermolecular hydrogen bond. In contrast to the ., Schleyer, P. v. RJ. Am. Chem. S0d97Q 92, 2365-2377.

. . (49) Fuchs, R.; Peacock, L. A.; Stephenson, W.G&n. J. Chem1982 60,
gauche configuration of 2EP necessary to form the three- 1953-1958.
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0.5 demonstrated that the thermal equilibrium between the 2MPOD
complex and free 2POD and intramolecular hydrogen-bonded
2MPOD and the exchange rates were not perturbed by the
vibrational excitation on the hydroxyl stretch.

In addition to 2MP and toluene, several other related solutes
and solvents were studied. It was found that the three-centered
hydrogen bond is very sensitive to steric effects. The addition
of a methylene group to the methoxyl group, that is, 2-ethoxy-
phenol (2EP), inhibits the formation of the intrantermolecular
hydrogen bond. DFT calculations show that the 2EP has to adopt
a gauche conformation to be able to form the complex because

04 InBenzen
In Toluene
In p-Xylene

0.3 In Mesitylene

absorbance

0.2

0.1

2500 2580 2600 2620 2640 2660 complex formatign is stericglly preveqted when 2EP is in the
more stable anti conformation. The increased energy of the
gauche conformation compared to the complex binding energy

frequency (cm’1)
Figure 14. FTIR spectra of 2-methoxyphenolOD in benzene, toluene,

p-xylene, and mesitylene. The intensity of the irtmatermolecular makes_the 2EPtquene_c_:ompIex improbable. It was also
hydrogen-bonded complex peak decreases as more methyl groups are addedetermined that the addition of methyl groups to the solvent
to the benzene ring. molecules reduces the stability of the complex despite increased

. m-electron density in the solvent ring that would increase the
that the solute 2-methoxyphenol form_s an unusual complex with strength of a conventional two-centered sotgelventsz-hy-
the solvent tolu_ene. _The complex involves a three-centered drogen bonding system, such as phertmnzene.
hydrogen bond in which the 2MP hydroxyl hydrogen forms an
intramolecular hydrogen bond with the methoxy oxygen and  Acknowledgment. We would like to thank Professor John I.
an intermolecularr-type hydrogen bond with the toluene. Both  Brauman for insightful discussions. This work was supported
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mol. 2D IR vibrational echo experiments showed that the
formation and dissociation of the intrantermolecular hydrogen-
bonded complex happen on a picosecond time scale. The therm
equilibrium kinetics is characterized by the dissociation time,
which was determined to be=8 0.6 ps. It was experimentally ~ JA0570584
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