13434 J. Phys. Chem. R006,110,13434-13446
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The effects of hydrogen bonding on the ring stretching modes (both ring breathing and triangle) of pyridine
are experimentally investigated using noisy light based coherent Raman scattering spectroscopy. Three systems,
pyridine/formamide, pyridine/water, and pyridine/acetic acid, provide varying degrees of strength for the
diluent=pyridine hydrogen bond complex. Formamide forms a relatively weaker hydrogen bond, while acetic
acid essentially fully transfers a proton to pyridine. Both dilution studies and temperature studies are performed
on the three systems. Together, these provide a broad context in which a very simple model for the electronic
behavior of pyridine is formulated. This model is based on a molecular orbital picture and electrostatic
arguments, and it well explains the observed experimental results. Additionally, a new mechanism for the
line broadening of the ring breathing mode for the pyridimeater hydrogen bonded complex is proposed.

I. Introduction A. Pyridine. Nitrogen heterocycles are ubiquitous in biologi-

Hydrogen bonding has been an important and intensely cal systems. Pyridine is one of the simplest nitrogen heterocycles
studied subject in chemistry, physics, and biology for what is available for study. It has well characterized physical properties
rapidly approaching a centuty? It is the nature of the hydrogen ~ and, as mentioned above, has two prominent ring stretching
bond energy that makes it such an interesting and difficult modes that can serve as markers for identifying changes in the
subject to study and understand, as it lies in an intermediate €lectronic environment of pyridine when participating in some
energy range between physical interactions and chemical bondsbiologically important interaction. Pyridine itself is an important
The intermediate-strength interaction of the hydrogen bond hascomponent in many powerful pharmaceutiéaénd biologically
been extensively exploited in biological systems. From protein important compounds such as nicotine, niacin, vitamin B6, and
folding to enzymatic activity to neurotransmitter reception, the related compounds. Understanding pyridine and the changes
ability of a system to make and break hydrogen bonds has beerinduced upon it during hydrogen bonding should provide insight
key to biological evolution. into many areas of its biochemistry.

The hydrogen bond has been and continues to be studied Here, we investigate pyridine in the presence of formamide,
using any and all methodologies amenable to it. In fact, a very or water, or acetic acid. The choice of these diluents is to provide
active topic even today is the role of hydrogen bonding in pure 5 yariable degree of hydrogen coordination to the nitrogen.
wa’Ferf‘.—9 In the area of ultrafast noqllnear qptlcal spectroscopy Formamide is a hydrogen bond donor (and also acceptor)
of liquids, the hydrogen bond, pa}rtlcularly in water byt also in through an N-H, whereas water is a donor through an-©
other systems, has arguak?ly received the most atte_nt!on rec_entlyand acetic acid gives up a proton entirely to pyridine to form a
Many research groups using modern ultrafast multidimensional pyridinium ion.
vibrational spectroscopy are directly investigating the impact . . . e
of hydrogen bonding on the-€H stretching mode in wat&F-18 It is well-known that the ring bregthmg mc_)de of pyridine is
and other hydrogen bonding systeti! These efforts are more_strongly perturbed_ by coordination with hydroge_n than

the triangle modé3-28 |t is also the case that the duration of

helping us understand the complicated underlying molecular i e
events that give rise to the broad, nondescript-Ovibrational the hydrogen bonded complex is longer than the dephasing time

spectrum typically seen in condensed phase systems. of the vibrational modes. As a result, one observes three distinct
This work takes a different approach and uses a different P&aks in the range 994L030 cnm* in the presence of a
method. Here, the ring stretching modes of pyridine (a hydrogen hydrogen bond dondf?® One is the free pyridine ring
bond acceptor) are studied in the presence of hydrogen bondPreathing peak which remains very close to the neat position,
donors. The method used is noisy light based coherent anti-another is the ring breathing peak of the hydrogen bonded
Stokes Raman scattering (callé® CARS). The goal of this complex which is shifted to the blue of the neat peak, and the
work is to study the effects of hydrogen coordination on the last is the triangle mode where the free and hydrogen bonded
ring stretching modes of pyridine. Pyridine has a symmetric peaks are not well resolved. The blue shift of the hydrogen
ring breathing mode at approximately 990@nand a so-called ~ bonded ring breathing mode depends on the nature of the
triangle mode at approximately 1030 ctinBoth of these modes  hydrogen bond donor. For (exposed)-8 groups from water
yield an excellent® CARS signal and are ideally suited for or alchohols, the shift is approximately 8 ctnFor the N-H
study by this method. of formamide, it is about 5 cr¥, and for the case where the
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Figure 1. Representative spectrograms (i) and their corresponding Fourier transforms (ii) for (a) neat pyridine an¥,(lbF @n6 mixture of

pyridine in acetic acid. In both the spectrograms and the Fourier transformed spectrograms, dark regions repre€¥#Rigtsignal intensity

and light regions represent low signal intensity. The decay of the fringe pattern in the spectrogram is determined by the dephasing rate constants,
Yr, for the Raman active modes. The zero difference frequem%yi,s the precise detector frequency in which the oscillations in the fringe pattern

of the spectrogram, due to a given mode, vanish. On the Fourier transformed spectrograms, the zero difference frequency is the center of the
pattern. The spectrograms themselves can be fit to eq 2 to yield ultraprecise valmgsafnd highly precise values fgrr. One can obtain an
u(lzt)raprecise measurement of the Raman frequency foars (w3 — ww)/2, wherewy is the frequency of the narrowband laser used to create the
I@CARS signal.

proton is transferred to the pyridine, it is approximately 14&m involves creating twin noisy light fields, B and’Bin an
(see discussion below). interferometer such that there is a controllable time detay,

Pyridine is the nitrogen heterocycle analog of benzene. between the fields. Beams B and Bave noise profiles that
Indeed, the vibrational mode assignment scheme is based orare identical but propagate along distinct wavevectossand
that of benzené?3° Conventionally, the ring breathing mode kg. These noisy beams are combined, in the standard BOX
is labeledv; and the triangle mode ig,. In benzene, the ring  geometry}® with a narrowband field, M (wavevectdi,), and
breathing mode ha8;y symmetry and the triangle mode has focused into the sample. The frequency of the monochromatic
Bi, Symmetry. The presence of the nitrogen breaks the symmetrybeam is chosen such that it can work in tandem with one of the
from Degn Of benzene toCy,. This makes the triangle mode noisy fields (B or B) to produce a vibrational coherence. The
(strongly) Raman active in addition to the ring breathing mode. other noisy field then scatters from the coherence to produce
Both of these modes havg type symmetry in pyridine. the PCARS signal in a four-wave mixing process. This signal

Pyridine principally accepts a hydrogen bond at the nitrogen. is produced with its own wavevector given by the phase-
Weak hydrogen bond donations can occur with the hydrogens matching conditiork,@cars = ks + kg — km. Because the
of pyridine, while thesr system serves as a point of weak I@CARS signal must be frequency dispersed before detection
hydrogen bond acceptant@he most stable condition occurs in order to reveal material dynamics, the signal beam is directed
when the hydrogen bond aligns itself with the nitrogen along into a spectrometer and onto a CCD can®ér4?
the G axis; however, in solution at room temperature, a  Detection of the dispersed signal as a function of relative
hydrogen bond is considered to be present at angles rangingdelay,z, between B and Boroduces a well-known fringe pattern
within a +30° cone around the Laxis1:3! which is observed in thd@CARS spectrograri® 4! By way

B. I@CARS. I@CARS is arguably one of the most well of example, Figure 1 shows spectrograms for neat pyridine and
developed of the noisy light techniques, and it has exhibited for a pyridine and acetic acid mixture. These fringes carry a
much promise as a probe of ultrafast liquid dynanifcg? precise relationship to the frequency of the Raman active
Ultrafast time resolution is achieved by exploiting the ultrashort vibrational transitiongg, and usually represent a strong down-
correlation time of noisy laser light in lieu of an ultrashort pulse conversion o®3442 @r. The similarities and differences
envelope’>47 The “I" in | @CARS stands for interferometric,  between noisy light methods and more conventional methods
an essential aspect of this technique. The superscript “(2)” have been thoroughly discussed in the literatéré? The fringes
indicates the use of twin noisy light fields. The technique decay with increasing relative interferometric time delay,
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between noisy beams B and.Bhe decay is due to dephasing the ring breathing mode of the hydrogen bonded complex are
of the vibrational coherence that has been created at the pumppresented. A section summarizing the main results and ideas
stage by the dual actions of M and one of the broadband fields concludes this work.
(B or B'). The dephasing rate constapk, is determined from || experiment
the decay of the@CARS spectrogram. The (2CARS experiments were performed in the standard
The multichannel detection offered by the CCD camera has \yay 39-41 The noisy light source was a modified pumped dye
the very practical advantage of providing a nearly 3 orders of |aser (Spectra Physics) containing either kiton red or rhodamine
magnitude redundancy in the data. Such very large redundancyg10 (both from Exciton). In this pumped dye laser, the frequency
provides highly precise measures of these paramtéts? selective grating was removed and replaced by a simple mirror.
C. Pyridine Mixtures. Of the three mixtures studied in this  Thjs allows the entire lasing spectrum of the dye to be emitted
work, the pyridine/water system has received the most attentionjn 4 phase incoherent way. A second pumped dye laser (Spectra
in the literature, followed by the pyridine/acetic acid system physics) containing DCM (Exciton), which was operating
and finally the pyridine/formamide system. In spite of this, there normally, was used as the narrowband source, M. Both dye
is not as much literature coverage of the pyridine/water system |asers were pumped at 10 Hz by a Nd:YAG laser (Spectra
as perhaps one might expect given the importance and ubiquityphysics)_
of this binary mixture. To be sure, solution thermodynamics of  The noisy beam was split into twin beams, B and 18/ a
pyridine/water systems was studied long #g®’ and continues \ichelson interferometer. The length of one arm of the
to appeaP*~>” Evidently, the first computational study was  interferometer could be changed via a stepper motor (Newport),
performed by Adam et al. in the late 19%§There is still active which was calibrated us|ng the well CharactenzgwARS

computational work being performed tod#y** signal from benzene. The twin noisy beams emerged from the
In the mid 1980s, a pressure study was performed on aqueousnterferometer running parallel to one another with a separation
pyridine solutions using Raman spectroscépinterestingly, of approximately 2 mm on-center. The narrowband beam was

it was the work of Zoidis et al. only a decade ago that was the made to propagate parallel to the noisy beams in the standard
first careful study of the ring stretching modes of pyridine in - BOX beam configuration. The three beams were focused onto
water using Raman spectroscafly:* in spite of the fact that  the sample using a 150 mm focal length lens. The beam energies
neat pyridine was studied shortly after the discovery of the atthe sample were on the order of tens of microjoules per pulse.
Raman effect |tseﬁ6 Since then, Scflikker et al. have made The Visua”y apparen]_(q)CARS Signa| emerged a|0ng its own
important contributions to this area with computatioffal,  wavevector and was spatially isolated using an iris. The signal
Ramarr®and time resolved coherent Raman stuééshe work  \yas then directed into a monochromator (SPEX) and ultimately
presented here agrees with the findings of these previous studiegnto a 100x 1340 pixel array, liquid-nitrogen-cooled CCD
and compliments that work by (i) employing a different getector (Roper Scientific/Princeton Instruments). This spectral
technique (PCARS) and (ii) including temperature studies to  dimension of the experiment was calibrated using neon lines.
gain additional insight. Most importantly in this regard, we offer The absolute resolution of the spectrometer, as characterized
an additional model for line broadening for the ring breathing py the half-width at half-maximum of the neon lines, was found
mode of the hydrogen bonded pyridineater complex. to be 0.38 cmt. IOCARS spectra were collected at each delay
In addition to the pyridine/water data, the pyridine/acetic acid setting to produce the spectrogram. All spectrograms were
and pyridine/formamide experiments provide a wider context produced by moving the stepper motor over a range 00
for understanding how hydrogen bonding impacts the electronic to 1.00 mm in steps of 0.01 mm. At each delay, a ten-shot
behavior of pyrldlne Computational results are not presented. average Spectrum was recorded. Four Comp|ete Spectrograms
In lieu of this, a Simple intuitive mOdel, based on a molecular were averaged for each Samp|el Each spectrogram took ap-
orbital picture point of view, and simple electrostatic arguments, proximately 8 min to acquire.
is presented. Perhaps surprisingly, this very simple model The samples were pyridine, glacial acetic acid, formamide
explains the experimental data well. (all from Acros), and distilled water (obtained locally). All
Unlike the case of pyridine/water systems, no previous Raman samples were used as received with no further purification. Mole
study of pyridine/formamide mixtures could be located by the fraction mixtures, of approximately 15 mL total volume, were
authors. Some Raman work on the pyridine/acetic acid systemcreated using either class A burets or graduated pipets. The error
has been done, in fact, earlier than that of pyridine/water. jn mole fraction is estimated to be less than 0.7%. Temperature
MierzeckP” in 1964, Singurel and Bazhufihin 1967, and  control of the samples was done using a home-built brass jacket
Rezaev and Tabifflin 1976 each present an extensive dilution and a recirculating bath (FTS Systems). The temperature was
study for this system. Other non-Raman based work on the held constant to withint0.2 °C. During the experiment, the
pyridine/acetic acid system has been déhé? The pyridine/  samples were contained & 2 mmglass cuvette (Starna) with
acetic acid system offers an extra layer of complexity becausea Teflon stopper. Despite the stopper, a small amount of
of the proton transfer that occurs during the adidise reaction evaporation of the sample was noted at high temperature
between acetic acid and pyridine. settings. The operating assumption was that this evaporation
After this introduction, the experimental procedure is pre- did not significantly change the mole fractions of the compo-
sented. This is followed by an overview of the important results nents in the solution over the duration of the data aquisition
from theoretical work on®CARS and a discussion of the data ryns.
analysis procedure. Results, which include both dilution and
temperature studies, are then given for the three systems used!!- Theory and Data Analysis
A discussion of the results introduces a very simple model for ~ The theory of PCARS has been treated extensively else-
the electronic behavior of pyridine during hydrogen bonding. where334142Here, we present only the important results from
Additionally, two principle mechanisms for line broadening of previous theoretical treatments ¢PCARS.
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A. Results from I@ACARS Theory. The analytic results for ~ using Mathematica which employs the Marquardéevenberg
the I@ACARS signal, I(wp, 7), as a function of detected version of nonlinear least-squares regressfoi.zp is a fit
frequencywp, and interferometric delay time, are presented  parameter representing the absolute zero delay time, which
here. The material response function is taken to decay expo-corresponds to perfect temporal overlap of the noise patterns
nentially (Lorentzian line shape), and the noisy light is taken in B and B where they overlap spatially in the sample. In eq 2,
to have a Lorentzian spectral density. For the situation in which A is a fit parameter representing the overall amplitude of the
there is a mixture of one type of molecule, a, which exhibits a signal andA; is the ratio of the amplitude of mode¢o mode 1.

single vibrational resonance in the vicinity ok = wg — ww, The fit parametersR = 4N IFF0) where N0 is the
and another type of molecule, b, which has no overlapping effective nonresonant hyperpolarizability of the solutution,
resonance, the frequency- and delay-time-depend@ARS measure the ratio of the amplitudes of the terms that are odd in
signal intensity is given by Acars (the nonresonantresonant cross term) to the term that
is even inAcars (the purely resonant term). The fit parameters
(wp, 7) O XaZWEﬁVZJ(Al) J(—A,) exp{ —2y|z|} x wgi are theozero difference frequencies for mad&ince for
COSAcars?)  SINAcargTl) I@CARS wp, = u + 2wg, the Raman frequency is deter-
( ) mined bwal providedwy is accurately known and the signal
2y Acars detection window is correctly calibrated. For frequency shifts,

2J(A,) I—ANIXLRING + XX FROpE D] x wm need not be calibrated, so any uncertainty associated with
. 2N wy does not appear in the shift measurements, an advantage of
exp ~2yltl} Sin(AcardlTl) + 2K(@p)X; 730 + the method. The fit parametepsmeasure the empirical decay
2X X3 My O X Gy H] x exp{ —2T 7]} rate constant of the interferometric fringes. Theory dictates that
o . the spectrumJ'(wp) be the spectrum of the broadband beam
cosAg7) + A—Sln(Aerl) + l(wp, ) (1) blue shifted by one vibrational frequency. We takévp) to
R be the empirically measured spectrum of the signal derived from
a sample containing only the resonant speci¥s, & 1).
: > . . Empirical eq 2 represents a simplification of (1) in which the
expressuTJ_(Ai) is the spectral density of the broadband light, ey nonresonant term is neglected. This is justified because
whereA, = s — wu — wris the radiatiorresonance detuning e include only data for whichr| > 1T in the fitting procedure.
frequency constant in the step that prepares the vibrational pjihqygh the fit parameters are not strictly orthogonal, they are
coherence, and; = @g — wp + wris the resonancedetection highly insensitive to one anothéttherefore, the reliability of
detuning frequency in the step that probes this coherence foryng of the extracted parameters is only very mildly impacted
detected frequencyyo. The variablevg is the carrier frequency  y the reliability of the other parameters. Of the three physically
of the noisy light.K(wp) is the spgctral density of the purely  |gjevant parameters extracted from the-fitg, yr, andR—by
nonresonant component of the signél.and X, are the mole far, the most precisely recoveredi4? wr followed by yg and

fractions of @ and b, an;[) (¥, ) and [y, Care, respectively, finally R The relative error iug can be as low as 2 10-%%
the common elements of the third-order orientationally averaged for the (2CARS method:4° The relative error oryg and R

hyperpolarizability tensor for the resonant and nonresonant can pe as low as 5 and 10%, respectivéip
contributions of a and the nonresonant contributiofi IofAcars
= 2wr + wm — wp, Where wy is the frequency of the

wherel(wp, ) is the r-independent background term. In this

It is important to note that the@CARS spectrograms
! i yield a precise measure of the parameters of eq 2. The
monochromatic beam. The frequentyars vanishes at the zero accuracy of eq 2 itself and the absolute accuracy of e |

H 0. _ 0 H
difference frequencywp; here,wr = (wp — wwm)/2 precisely  caRs measurement is no better than any more conventional
gives the Raman vibrational frequency. The observed decay ratetechnique.

constant iy = yr + (v1/2), where the instrument responsgg,

. . A n C. X-Marginal Spectra. As mentioned above, data are
is due to a finite slit width of the monochromator and a finite 9 P

. . . . collected in the form of a spectrogram. In addition to the massive
bandw!dth of the monochromgtlc beainis the (Lorentzian) data redundancy responsible for the extreme precision of the
bandwidth of the broadband fields. I@CARS process, the spectrogram method of detection provides
Three classes of terms appear in (1): (i) fully resonania@ 3 valuable visual representation of the signal. This is particularly
only), (i) two types of resonantnonresonant (aa and a-b), true of the Fourier transformed version of the spectrogram
and (iii) three types of fully nonresonant<a, a-b, and b-b). (Figure 1b). The visually apparertpattern in the transformed
For the case of pyridine, where there is more than one active Spectrogram allows one to unambiguous|y see Raman modes
mode, the extension of expression 1 is straightforward, since, that are not evident in the raw spectrogram nor would be
in I@CARS, each mode acts independently. strongly present in a spectrum representation. As valuable as
B. Data Fitting. With the multipeak version of expression 1  this is, the Fourier transformed spectrograms suffer from the
as the guide from theory, th&CARS spectrograms for each  fact that it is difficult to compare one transformed spectrogram
of the pyridine mixtures were fit to the equation to another in anything other than a very gross qualitative way.

e " (cos[p, — wp)lT — 7l + Ry sinf(p, — wp)lT = 70l])

+ Ae AT Ml(cos[p, — wp)lT — Tol] + Ry sin[(wp, — wp)lT — 7]])

l(wp,7) = AJ(wp)|: (2)
+ Ae 74T l(cos[p, — wp)lt — Tol] + R sin[(w), — wp)lT — 7l])

+ 1o+ m(z — 1)
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Figure 2. x-Marginal spectra for the 10 different mole fraction

solutions used in the dilution study of the pyridine/formamide system.
The spectra are normalized to range between zero and unity. A constan
offset has been added to stack the spectra for visual clarity. The quality f
of the x-marginal spectra decreases with lower Raman resonant
contribution to the PCARS signal which occurs a%, decreases.

Figure 3. Fit results for the Raman wavenumber values for the ring
reathing mode of free pyridine (squares), the ring breathing mode of
he hydrogen bonded complex (circles), and the triangle mode (triangle),
or the pyridine/formamide system. The parameters (slope, intercept)
for the best fit lines are the following: free pyridine ring breathing
mode (0.786, 989.75), hydrogen bonded complex ring breathing mode

It is therefore valuable to compress the visual information (2:250, 993.87), and triangle mode (1.267, 1028.07).

carried by the two-dimensional picture of the Fourier trans-
formed spectrogram into a one-dimensional spectrum. This is

done by computing what is called the x-margiffalThe bonded complex exceeds that of the free pyridine. The triangle
motivation of the x-marginal procedure is to imitate what the ,,qe appears, in the x-marginal spectra, to remain relatively
human eye does in recognizing the characteristipattern of unchanged during the dilution process.
a Raman mode. A narrow (0;6 cr) x-shaped mask is defined The fit results from applying eq 2 for the Raman vibrational
such the that slopes of the lines making up thenask match  grequency are shown in Figure 3. The wavenumber value of
the slopes of thex pattern of the Raman mode (slopes equal 1 e free ring breathing mode blue shifts very slightly (0.47 &m
and—1 when both axes of the transformed spectrogram are in ypon dilution with formamide from neat 6,y = 0.4. There is
wavenumber units). The mask has a value of unity within the perhaps a nonlinearity to the trend, but this cannot be concluded
definedx shape and zero outside of it. The Fourier transformed with a high degree of confidence. There is a slight (0.45%m
spectrogram is multiplied by the mask leaving nonzero values red shifting of the ring breathing mode of the hydrogen bonded
within the x area. The result is then summed up to give a single complex in going from a mole fraction o€,y = 0.6 to X,y =
value called the x-marginal. The center of the mask is then 0.4. Unfortunately, due to the convoluted nature of this peak
moved to the adjacent pixel value, and the procedure is repeatedvith the free ring breathing peak, low Raman resonant signal
to give another x-marginal value. When themask is centered ~ contribution at smallX,y, and the small amount of hydrogen
over an x-shaped Raman mode, the x-marginal is large; bonded complex at highp,, only three values ofr for this
conversely, when the: mask is not centered over the Raman mode could be obtained with ultrahigh precision. The triangle
mode, the x-marginal is small (but not zero) As the center Mode experiences a red shift of 1.00 Chupon dilution from
position of thex is scanned across the Fourier transformed Neat toXyy = 0.2. Again, because of the convolution of the
spectrogram, a collection of x-marginals is collected to form frée ring breathing peak and the ring breathing peak from the
an x-marginal spectrum. hydrogen bonded co_mplex, hlg_h precision extractiongzaind

It is important to keep in mind the x-marginal spectra do not R cc_>u|d not be obtained for th's_ data series.
provide precise quantitative data regarding the parameters of Figure 4 collects the x-marginal spectra for a temperature
the material model. Quantitative data are obtained from fitting Study of anX,y = 0.4 mixture of formamide and pyridine. The
the spectrograms themselves. The x-marginal spectra Simplyten:perature ranges fr(_)m40 to 60°C W't.h data taken every
provide a concise qualitative representation of the data contained20 C.A clear.change in the ring breathing peaks at 989%cm
; A . and 994 cmt! is seen. The peaks become more resolved and
in the spectrograms. The x-marginal representation of the data

is more thorouahly discussed in the Subporting Information spread apart as the temperature is lowered from 6640 °C.
IS ' roughly discussed | upporting rmati Additionally, the free pyridine state is favored at high temper-
associated with this work.

atures and the hydrogen bonded state is favored at low
temperatures, indicative of the exothermic nature of the
hydrogen bonding between formamide and pyridine. The
A. Dilutions with Formamide. The x-marginal spectra for  triangle mode appears relatively unchanged through the tem-
the 10 different mole fraction solutions of formamide and perature range. Ultraprecise fits of these data (Figure 5) show
pyridine used in the dilution study are shown in Figure 2. Two that the free pyridine ring breathing mode blue shifts by 0.77
distinct peaks persist from the neat pyridine state to a mole cm~%100°C, while the hydrogen bonded complex ring breath-
fraction of Xy, = 0.6 where a clear shoulder develops ap- ing mode red shifts by 0.89 ci¥100 °C. The triangle mode
proximately 5 cnm! to the blue of the free pyridine ring  does indeed remain essentially constant with perhaps a very
breathing peak. This corresponds to the ring breathing modeslight (0.36 cnt?) red shift being suggested by the data.

for the hydrogen bonded complex. At a mole fractiorXgf =
0.4, the magnitude of the ring breathing peak of the hydrogen

IV. Results
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and formamide. The spectra are normalized to range between zero and" the dilution study of the pyridine/water system. The spectra are
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normalized to range between zero and unity. A constant offset has been
added to stack the spectra for visual clarity. The quality of the
x-marginal spectra decreases with lower Raman resonant contribution
to the PCARS signal which occurs a%, decreases.

appears to be linear. The ring breathing vibration for the
hydrogen bonded complex experiences a more complicated shift
in frequency. There is ultimately a blue shifting as the complex
becomes more and more dominant (I%yy); however, the shift
is not linear and there appears to be a slight red shift that initially
occurs. Interestingly, the lowest energy vibration appears to be
at the mole fraction where the free and hydrogen bonded
pyridines are in equal amount&y(, ~ 0.55). The triangle mode
also experiences a blue shift that is not linear with the greatest
rate of change occurring at lo¥py. It is likely that this shift is
somewhat artificial because of the emergence of a separate
peak?3~28 The fitting of the convoluted modes to a single-
exponential decay would not be appropriate.

Figure 7b shows values fois for the ring breathing modes
of the free and hydrogen bonded complex. The free pyridine

Figure 5. Wavenumber values for the free pyridine ring breathing Mode experiences a decrease of the dephasing rate constant upon
mode (squares), hydrogen bonded complex ring breathing mode dilution, whereas the hydrogen bonded complex experiences an
(circles), and triangle mode (triangles) obtained by fitting to eq 2. The increase in the dephasing rate constant. As mentioned above,
parameters (slope, intercept) for the best fit lines are the following: the triangle mode may well be a convolution of distinct modes.

free pyridine ring breathing mode (0.008, 989.48), hydrogen bonded
complex ring breathing mode—0.009, 994.64), and triangle mode
(—0.004, 1030.52).

B. Dilutions with Water. As with formamide, 10 different
mole fraction mixtures of water and pyridine were studied and
their x-marginals are shown in Figure 6. In this set of spectra,
the ring breathing mode for the hydrogen bonded complex
appears at around 997 cfrwhich is 8 cnt! to the blue of the
ring breathing mode of the free pyridine. There is a relatively
rapid transition from the case where free pyridine is the
dominant form of the pyridine to when the hydrogen bonded

Data foryg for this mode (not shown) are consistent with this
idea in that they are more scattered than those for the other
modes and there is an abrupt increase from the neat state.
These pyridine/water results are consistent with previous
studies. Zoidis et @%24report a blue shift of~7 cm? for the
ring breathing mode upon hydrogen bonding. They treat the
ring breathing mode of the hydrogen bonded complex as a pair
of modes (see discussion below) and assign distinct peak widths
to each £2.3 and~1.8 cntl). In the current work, the mode
is treated as a single vibration, so expectedly, a larger width is
reported (Figure 7b). Schiker et alk>26 report a blue shift of

complex is in excess. Figure 6 shows a dramatic difference ~6 cnT?® for the ring breathing mode of the hydrogen bond

betweenX,, = 0.6 andX,, = 0.5. The triangle mode appears

complex relative to the free pyridine case. They also report a

relatively unchanged during the dilution process, although a line width of ~3 cni™! that is a decreasing function §,.
slight shoulder may be appearing on the low energy side of the The temperature study results in the form of x-marginals are

peak.
Fitting to eq 2 provides ultraprecise tracking of changes in

shown in Figure 8. Here, aX,y = 0.55 mole fraction solution
of pyridine and water is studied over a temperature range of

the Raman frequency for the three modes present in the —40 to 60°C with data taken every 20C. As with formamide,
x-marginals. Because the peaks are better separated, reliabléhe hydrogen bonding process is exothermic and entropically

fits could be obtained for lowerf@CARS signal values. Fit
results are collected in Figure 7a. The free pyridine ring
breathing mode exhibits a slight red shift of 0.42 dnupon
dilution with water from the neat state ¥, = 0.5; the shift

unfavorable as high temperatures favor the free state and low
temperatures favor the hydrogen bonded state. The triangle mode
appears relatively unchanged. More careful analysis using results
from fitting to eq 2 show (see Figure 9a) that, as with
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C. Dilutions with Acetic Acid. Figure 10 shows the
x-marginal spectra for 13 of the 20 different mole fraction
mixtures of pyridine and acetic acid studied here. As expected,
at highXpy values the “free” pyridine ring breathing and triangle
peaks are dominant. A%,y is lowered, a new ring breathing
peak attributed to the pyridinium cation ring breathing peak
appears approximately 14 ciblue shifted from the free
pyridine peak. No new triangle peak is observed, but the relative
amplitude of this peak decreases. At intermediate valug,nf
the pyridinium cation ring breathing peak is the dominant
feature, with the relative amplitude of pyridine peaks decreasing
further. A new triangle peak begins to emergexgt = 0.5.

i . i , . , An interesting result occurs at very low valuesgjf. A new
0.0 02 0.4 0.6 0.8 1.0 ring breathing peak appears approximately 15 tbiue shifted

X from the main pyridinium cation peak. The appearance of this
) ) > peak suggests that the dominant peak at 1004 ¢sthat of a
Figure 7. (a) Fit results for the Raman wavenumber values for the relatively long-lived ionic pair complex (pyridinium cation/

ring breathing mode of free pyridine (squares), the ring breathing mode . .
of the hydrogen bonded complex (circles), and the triangle mode acetate anion). It can be inferred that the new peak at 1019 cm

(triangles) for the pyridine/water system. The line of best fit parameters IS the ring breathing peak of the free pyridinium cation. This
(slope, intercept) for free pyridine ring breathing mode is (0.843, interpretation is consistent with the idea that at intermediate
988.46). The second-order polynomial best fit parameters (quadratic, mole fractions there is a large amount of both pyridinium cations
linear, constant) are the following: hydrogen bonded complex ring and, therefore, acetate anions present in solution. Thus, there is
breathing mode (17.738;21.226, 1001.95) and triangle mode (5.947, 4 high |ikelihood that nearly every pyridinium cation has an

—11.293, 1034.47). (b) Fit results for the dephasing rate constant for tat . it t neiahb H &
the ring breathing mode of free pyridine (squares) and the ring breathing acetale anion as one ol 1tS nearest neignobors. Howevel, as

mode of the hydrogen bonded complex (circles), for the pyridine/water falls to small values, there is an overwhelming number of intact
system. The lines of best fit parameters (slope, intercept) are the acetic acid molecules present. Therefore, in spite of the fact

following: free pyridine ring breathing mode (0.293, 0.639) and that the ionic pair is presumably significantly more stable, a
hydrogen bonded complex ring breathing moete 696, 3.517). non-negligible fraction of pyridinium cations have no acetate
anion as a nearest neighbor. Why this should result in a blue
formamide, the ring breathing frequencies for the free and shift from the pyridinium cations having an acetate anion partner
hydrogen bonded states separate as the temperature is loweregyith which to complex will be discussed below. The ion pair
Unlike with formamide, however, the free ring breathing mode complex is evidently longer lived than 6 ps (and perhaps much
remains essentially constant over the temperature range and onlyonger) as the observed peaks are distinct.
the ring breathing frequency of the hydrogen bonded complex  These findings are consistent with both the work of Mierza-
blue shifts by 1.18 cm'/100°C as the temperature is lowered. ¢kié” and Singurel and Bazhulfi$.Both these works report a
The triangle mode changes with temperatur@.85 cn1 /100 dominant new peak that is blue shifted5—17 cnt from the
°C) as well, but perhaps not in a linear fashion. ring breathing peak of free pyridine. Both works also report a
The dephasing rate constants for the free ring breathing andweak peak developing at loX,, values. Meirzacki attributes
triangle modes of pyridine in water are shown in Figure 9b. this to water contaminatiofT. Singurel and Bazhulin suggest,
The free ring breathing rate constant increases by 0.4%m as the current authors do, that the dominant peak is from a
100 °C, while the triangle mode rate constant decreases pyridine catior-acetate anion pair complex and the weak peak
(—0.62 cnT/100 °C). The dephasing rate constant for the is from the free pyridinium iof8
hydrogen bonded complex for pyridine in water increases by  Another interesting feature of the acetic acid dilution is the
0.33 cnT%/100°C. strong suppression of the triangle mode. This is much more
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o Figure 10. x-Marginal spectra for 13 of the different mole fraction

Temperature / °C solutions used in the dilution study of the pyridine/acetic acid system.
Figure 9. (a) Fit results for the Raman wavenumber values for the Part a shows high to moderately 10, values, and part b shows the
ring breathing mode of free pyridine (squares), the ring breathing mode 10W Xpy regime. The spectra are normalized to range between zero and
of the hydrogen bonded complex (circles), and the triangle mode Unity. A constant offset has been added to stack the spectra for visual
(triangles), for the pyridine/water system. The parameters (slope, clarity. The quality of the x-marginal spectra decreases with lower
intercept) for the best fit lines are the following: free pyridine ring Raman resonant contribution to tH&CARS signal which occurs as
breathing mode (0.002, 989.15), hydrogen bonded complex ring Xpy décreases. The dashed arrows identify the disappearing triangle
breathing mode-{0.0118, 996.35), and triangle mode (0.009, 1030.80). peaks, and the solid arrow points to the emerging free pyridinium ion
The data for the triangle mode were also fit to a second-order Pe€ak.
polynomial. The best fit parameters (quadratic, linear, constant) for
the triangle mode are-0.000146,-0.00652, 1031.00). (b) Fitresults  wavenumbers for the ring breathing modes of pyridine and the
for the dephasing rate constant for the ring breathing mode of free jon paired pyridinium cation as a function of the mole fraction
pyridine (squares), the ring breathing mode of the hydrogen bonded ¢ pyridine. The changes are very subtle, as a free pyridine peak

complex (circles), and the triangle mode (triangles) for the pyridine/ - .
water system. The parameters (slope, intercept) for the best fit lines has what might be a red shift of less than 0.07"&nA red

are the following: free pyridine ring breathing mode (0.00398, 0.842), Shift is more resolvable for the pyridinium cation and it is not
hydrogen bonded complex ring breathing mog®.00623, 2.167), and  linear with the maximum red shift of 2.8 crh occurring at
triangle mode (0.00325, 2.905). Xpy = 0.55 and returning to nearly the original value at small
mole fractions of pyridine. Figure 11b shows the Raman wave-
dramatic than the case of the mixture with water or formamide. number of the triangle mode. Here, as with the free pyridine,
A rigorous explanation of this behavior cannot be given here; there is no discernible trend. Unfortunately, the fits become less
however, a heuristic argument can be made. The pyridinium reliable for this mode at higher mole fractions than for the ring
cation is very similar in structure to benzene. Benzenelhas breathing mode. The dephasing rate constant (in units of
symmetry, so its triangle modé4,) is not Raman active by = wavenumbers) is shown in Figure 11c. There, values for the
symmetry. The pyridinium cation is still a member of t@g, free pyridine ring breathing mode and triangle modes are very
point group, so one cannot rigorously use symmetry to explain well behaved. Interestingly, they both exhibit a slight positive
the strong suppression of the triangle mode. Nonetheless, thecurvature in their trendlines and both exhibit mild increases in
“benzene-like” nature of the pyridinium cation might underlie size asX,y decreases. The fit values for the pyridinium ion pair
the observed results. complex are more varied but nonetheless show a significant
The raw four-run averaged?lCARS spectrograms for the increase in value as the mole fraction of pyridine is decreased.
pyridine/acetic acid dilution series were fit using eq 2. The  The raw four-run averaged?CARS spectrograms for the
results are shown in Figure 11. Figure 11a shows the Ramanpyridine/acetic acid temperature study were also fit using eq 2.
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1029.6 A
A The x-marginal spectra are shown in Figure 12.4p= 0.60

1 A4 solution was used, and data at several temperatures between
1029.2 A —40 and 60°C were taken. Figure 12 shows the Raman
wavenumbers for the ring breathing modes of both pyridine and
the pyridinium ion pair complex and the triangle mode of
1028.8 pyridine. The frequency of the ring breathing mode of pyridine
1028.6 is essentially independent of temperature, whereas the pyri-
dinium ion pair complex and the triangle mode of pyridine each
| exhibit a slight red shift with increasing temperature, ap-
1028.2 proximately 1.06 cm%/100 °C for the former and 0.27 cnd/
1028.0 4 100°C for the latter (Figure 13a and b). Interestingly, as shown
. T T T T T T T T T M T M . . e T . .

0.0 0.2 0.4 06 08 1.0 in Figure 13c, it is the pyridinium ion pair complex that has a

X temperature-independent dephasing rate constant, while both the

ring breathing and triangle modes have dephasing rate constants

| that decrease with increasing temperature. No discernible trend
74 ° was seen in the nonresonant to resonant hyperpolarizability ratio
{ e (data not shown).
6 D. Thermodynamic Information. The thermodynamic val-
° uesAG®, AH®, andAS® can be obtained for the systems studied
5 ° here. The most convenient reference state to employ is Rauolt’'s
law reference where the equilibrium constant is defined as

° [ ] ¢ ¢ L4 ° K — Xpy_D
3 ° X
[ X J Xpny

1029.4

1029.0

1028.4

Raman Wavenumber / cm™

—_
(1)
~
©
1

-1

Dephasing rate constant / cm
T
[

where D stands for the hydrogen bond don&CARS is not
1 1 W optimally suited for extracting very precise thermodynamic
] m values. Nevertheless, it is valuable to present the thermodynamic
00 04 02 03 04 05 06 07 08 08 10 14 |nformat|on_conta|ned in th_ese data, realizing that other me_thods
X might provide more precise measures of these values in the
P future. The Supporting Information associated with this work
Figure 11. Fit results for (a) the Raman wavenumber values for the discusses how thermodynamic information is extracted from
ring breathing mode of free pyridine (squares), the ring breathing mode |CARS data. Figure 14 showsG® as a function of temper-

of the pyridinium cation (circles), and (b) the triangle (triangles) mode 5,6 for the three systems studied here, and Table 1 summarizes
for the pyridine/acetic acid system. The line of best fit parameters (slope, the results !

intercept) for free pyridine is (0.181, 989.17). The second-order ° ° o
polynomial of best fit parameters (quadratic, linear, constant) for the  1he values foAG®, AH®, andAS® are significantly smaller
pyridinium cation is (13.293-14.378, 1007.08). The line of best fit ~ in magnitude than those reported for cases where the hydrogen
parameters (slope, intercept) for the triangle mode-3.073, 1029.3). bonding pair are solutes in a non-hydrogen bonding solvent.
(c) Fit results for the dephasing rate constant values for the ring This is intuitive. ThatAS® < 0 is because of the association
?cri?;tehs”;gar%()%i t?:a;rgli n‘:ﬁ;‘l"‘(ﬁiéﬁglﬁge% talep%gic:]'g}:?eﬂ‘éagga occurring in the hydrogen bonding process. This would be larger
system. The second-order polynomials of best fit parameters (quadratic,In _magthde in the presence of .a non-hydrogen bond'.ng solvent.
linear, constant) are the following: free pyridine ring breathing mode Without the non-hydrogen bonding solvent, nonassociated water
(2.095, —3.630, 2.462), the pyridinium cation ring breathing mode (or formamide) molecules are nevertheless likely to be hydrogen
(8.475,—12.242, 7.204), and the triangle mode (2.068,633, 2.826). bonded to other water (formamide) molecules. One also expects




Ring Stretching Modes of Pyridine
(a)1004.0—

1003.5 .
1003.0

1002.5
990.0
989.5

989.0 u

-1
Raman wavenumber / cm

988.5

880477+ 7—— 7
20

Temperature / °C
(b)295
1029.4 -
10293 -
10202
1029.1 -
10200
1028.9
1028.8

1028.7

-1
Raman wavenumber / cm

1028.6

10285 .

T
-20 20

Temperature / °C

—_
(2]
~

bed
o
]

[
=]
1

o
N\

Dephasing Rate Constant / cm’”
- N
(&
1

-
(=)
1

Temperature / °C

Figure 13. Wavenumber values for the (a) free pyridine ring breathing
(squares), the ring breathing mode of the pyridinium cation (circles),
and (b) the triangle mode (triangles) obtained by fitting to eq 2. The
parameters (slope, intercept) for the best fit lines are the following:
free pyridine (0.000714, 988.992), pyridinium catier0(0106, 1003.472),
and triangle mode-{0.0027, 1024.077). (c) Fit results for the dephasing
rate constant values for the ring breathing mode of free pyridine
(squares), the ring breathing mode of pyridinium cation (circles), and
the triangle mode (triangles) for the pyridine/acetic acid system. The
parameters (slope, intercept) for the best fit lines are the following:
the free pyridine ring breathing mode ©.004, 1.030), the pyridinium
cation ring breathing mode—0.005, 3.238), and the triangle mode
(0.003, 1.552).
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Figure 14. AG® as a function of temperature for the three systems
included in this work. Pyridine/watert) shows a relatively linear trend
(R? = 0.98 for fit) resulting inAH® = —13.97 kJ/mol and\S® = —32
J/(motK). Pyridine/acetic acid«) also shows a linear tren&{= 0.92
for fit), yielding AH® = —6.40 kJ/mol andAS® = —12 J/(motK).
The two lowest temperature data points for the pyridine/formamide
(x) system do not follow the linear behavior of the higher temperature
data (see text). Only the data frofn= 273—333 K were included in
the fit (R> = 0.99). This givesAH® = —9.92 kJ/mol and\S® = —26
J/(mokK). Care must be taken when comparing these values to others
reported in the literature (see text for discussion).
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TABLE 1: Thermodynamic Values for Hydrogen Bonding/
Proton Transfer for the Three Systems Included in This
Work as Determined from the Data Shown in Figure 14

pyridine/ pyridine/ pyridine/
quantity formamide water acetic acid
AGP (298 K) —2.08 kJ/mol  —4.41kJ/mol  —2.97 kd/mol
AH® —9.92 kdJ/mol  —13.97 kJ/mol —6.40 kJ/mol
AS —26J/(mokK) —32J/(mokK)  —12 J/(moiK)
aThe Raoult law reference state is used. The values must be

interpreted as describing both the dissociation of the dedonor
interaction and the association of the donpyridine interaction.

the AH® value to be smaller in magnitude because, without the
non-hydrogen bonding solvent, formation of the pyridia®nor
complex requires breakage of doratonor hydrogen bonds.
Thus, the thermodynamic values presented here should not be
interpreted as referring solely to the hydrogen bonding process
between pyridine and the donor but must also include the
breaking of donordonor complexes. To summarize the results,
the entire hydrogen bonding process for pyridine/water systems
and pyridine/formamide systems is energetically favorable and
entropically unfavorable. The two lowest temperature data points
for the pyridine/formamide system fall completely out of line
with the remainder of the data. It is not presently clear whether
the data are erroneous due to the difficulty posed by the
convolution of the mode peaks or if it is indicative of some
physical process occurring at low temperatures. These two data
points were not included in the linear fit. The thermodynamic
data for the pyridine/acetic acid system must be viewed as

H;CCOOH+ Py=H,CCOO -+-HPy"

where the three-dot symbol represents the ion pair complex
between the pyridinium cation and the acetate anion.

E. Neat Pyridine. The [CARS data collected here provide
a measure of the absolute Raman frequencies of the ring
stretching modes for neat pyridine in addition to measurement
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of the dephasing rate constant and the resonant to non- Model electron density for free pyridine
resonant hyperpolarizability ratio. Although ultraprecise mea-

surements of frequency shifts can be obtained, absolute mea- .
surements also include a calibration of the narrowband source — -+

which lessens the precision somewhat. For the ring breathing

mode,wg = 989.35+ 0.16 cnl, yr = 0.86+ 0.05 cntl, and Full e density © e density sp? e density
ONIFR0= 0.094 + 0.009, and for the triangle mode,
wr = 1029.18+ 0.13 crrrl, YR = 1.16 + 0.06 cn’rl, and Model electron density for H-bonded pyridine

FRUFNO= 0.137+ 0.02.

V. Discussion . — ° eh .
The pyridine mixtures with formamide, water, and acetic acid

represent varying degrees of “hydrogen bondedness”. With Full e density = e density sp2 e density
N—H as a donor in formamide, the hydrogen bond with the
nitrogen of pyridine is relatively weak. The strength of the

hydrogen bond increases with the-8 donor of water. Finally,
with acetic acid, the hydrogen forms an actual bond with — o~
pyridine to form the pyridinium cation.

The results presented in this work and those of the literature
show that the pyridine ring breathing mode is blue shifted by Figure 15. Simple molecular orbital based description of the electronic
hydrogen coordination and the stronger the hydrogen bond, thebehavior of pyridine upon hydrogen bonding. The density plots are

. . . purely illustrative; there is no connection to any numerical calculation.
greater the blue shift. The triangle mode is much less perturbedye gjectron density for benzene is represented by a torus. Pyridine

by hydrogen bonding. A blue shifting of the ring breathing mode has a lone pair of electrons occupying ar spbital. This squeezes
suggests a tightening of the bonds within pyridine. That the out electron density of the system (exaggerated in picture for visual
triangle mode is not significantly blue shifted suggests that the clarity). When hydrogen bonding occurs, some of thé ajectron
tightening of the bonds are due to a strengthening of the density is drawn out by the incoming hydrogen. This releaselectron
delocalizedr character of bonds as opposed to the localized g?gi%:ggﬂ‘;"r‘ﬁ‘s""gimglke'"r?]c')ggloggé'rﬁestgevrl‘élll?’eii'&cis'{ﬁeedéex‘gg:i”;’emal
sigma .character of the |nd|V|du§I bonds.. . L data presented in this work (see text). This includes the central result
A. Simple Model of Electronic Behavior in Pyridine. A that the ring breathing mode is significantly blue shifted upon hydrogen
simple model of the electronic behavior of pyridine upon bonding, whereas the triangle mode is not affected to nearly the same
hydrogen bonding can be made using a qualitative molecular degree.
orbital picture. The model presented below is clearly a gross
oversimplification of changes in electron distribution in pyridine;
nonetheless, it provides a simple picture that seems to be B. Line Broadening Mechanisms.All of the diluents used
consistent with all of the results of this work. in this work are rather complicated liquids because each is both
Without the hydrogen bond, free pyridine has a lone pair of @ hydrogen bond donor and acceptor. This allows for compli-
electrons in an sghybrid orbital localized on the nitrogen atom. ~ cated networks of transient clusters held together by hydrogen
Due to the relatively large spatial extent of the orbitals of the bonds to exist throughout the liquid. In the important and careful
nonbonded lone pair electrons, the delocalizednolecular ~ work on Raman spectra from pyridine and water systems by
orbital gets “squeezed” out of the region and this destabilizes Zoidis et al?*2*and also by Sctitker et al2>2°these networks
the r contribution to the ring bonds relative to a hypothetical Wwere considered as primary causes for the line broadening of
situation where there is no lone pair of electrons on the nitrogen. the ring breathing mode of the hydrogen bonded complex
When hydrogen bonding occurs, some of the lone pair electron relative to that of free pyridine. Several different hydrogen bond
density gets drawn out by the hydrogen, thereby releasing thecomplex stoichiometries where deemed as most important:
“squeeze” on ther orbital. This allows better delocalization of ~ PyW, PyW, PyWs, and PyW. Those authors were careful to
the 7 electron density and stabilizes the system resulting in a acknowledge, however, that, for a binary mixture, without an
blue shift of the ring breathing mode. Figure 15 expresses the inert (non-hydrogen bonding) cosolvent, assignment of distinct
essential aspects of the model in pictorial form. stoichiometries is likely not to be appropriate and a continuum
The fact that the blue shift increases from formamide to water of bands is more likely the cage.
to acetic acid is consistent with this qualitative picture. A It is proposed here that, for the case of water as the diluent,
stronger hydrogen bond will draw out more of the lone pair the network mechanism and the various stoichiometries are not
electron density. This relieves the squeezing ofitmolecular the primary source of line broadening but they are likely a
orbital to a greater degree, causing more stabilization and asecondary source. The primary mechanism proposed here is
greater blue shift. This picture is also consistent with the based on the thermalized distribution of the direct hydrogen
assignment of the dominant ring breathing peak of the pyri- bond between water and pyridine. The potential energy well is
dinium cation to an ion pair complex and that of the smaller very broad and shallow for the hydrogen bond between water
and “bluer” peak to free pyridinium cation ring breathing. The and pyridinel3! so even though the most stable energy
presence of the acetate anion near the hydrogen attached to theonfiguration is at a fixed hydrogen bond distance and angle, a
nitrogen in the pyridinium cation draws back the partial wide range of lengths and angles are well within the thermal
positively charged hydrogen to some degree. This weakens theenergy of the optimum configuratidr®! Thus, there is a high
coordination to the nitrogen relative to that when no anion is Boltzmann probability that a generic pyridinevater pair will
present. On the basis of the current qualitative argument, thenot be in the optimum configuration. This spread in the
ion pair complex should then have a ring breathing mode that configuration of the pyridinewater pairs across the ensemble
is to the red of the free pyridinium cation. is proposed as the chief broadening mechanism.
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The grounds for this proposed mechanism is in the work of in water. This model was based on the idea of a thermalized
Fileti et al3in which a Monte Carlo based computational study distribution of hydrogen bond configurations. This model
of pyridine in water was performed. Although the computation complements the existing understanding in the literature which
was for the case of very dilute pyridine, the basic results are emphasizes the transient network of water. The temperature
broadly applicable. They report simulation results in which 17% study allowed for thermodynamic values to be extracted for the
of pyridine showed no hydrogen bonding, 62% showed a single pyridine/water and pyridine/formamide systems.
hydrogen bond, 20% two hydrogen bonds, and 1% three
hydrogen bonds. In addition to purely energetics, they concluded Acknowledgment. We thank Lindsay R. Weisel, Thao M.
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