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An infrared (IR) probe based on isonitrile (NC)-derivatized alanine 1 was synthesized and the vibrational properties of its NC stretch
mode were investigated by FTIR and femtosecond IR pump—probe spectroscopy. It is found that the NC stretch mode is very sensitive to

10 the hydrogen-bonding ability of solvent molecules. Moreover, its transition dipole strength is larger than that of nitrile (CN) in nitrile-
derivatized IR probe 2. The vibrational lifetime of the NC stretch mode is found to be 5.5 £ 0.2 ps in both D,O and DMF solvents, which
is several times longer than that of the azido (N3) stretch mode in azido-derivatized IR probe 3. These properties altogether suggest that
the NC group can be a very promising sensing moiety of IR probes for studying solvation structure and dynamics of biomolecules.

is Introduction Getahun et al. showed that cyanoalanine and

Owing to the development of infrared (IR) spectroscopy in the cyanophenylalanine, where the latter has been widely used as a

21-23 2
ultrafast regime, it becomes possible to measure local electric fluorescent probe too, are useful IR probes.™ Although the

field and its gradients around an IR probe. To extract site-specific nitrile group was found to be a highly sensitive reporter of local

information on protein structure, function and dynamics, IR * solvation, its application to studying ultrafast dynamics of

20 probes based on amino acids, which act like an antennae sensing proteins is highly limited due to very small transition dipole

strength,'*>*® especially when the nitrile group is attached to an

local electrostatic environment, have been introduced site-

specifically into proteins.' ° aliphatic side chain as in cyanoalanine.

A variety of modified amino acids containing vibrationally Recently, the CN stretch mode of the thiocyanato group has

11-14 15-17 18-20 45 been paid much attention since this group can be introduced site-

active moieties such as nitrile, azido, thiocyanato

»s and selenocyanato groups have been reported. Although many IR specifically into proteins by direct conversion of their cysteine

. 27-31 .
probes have been found to be of use in FTIR studies, their use in thiol group.™ ™ Park et al. showed that the CN stretch modes in

time-resolved nonlinear IR investigations is markedly limited by thiocyanato-  and  selenocyanato-derivatized  prolines have

a few drawbacks in spectral properties. A desirable IR probe significantly longer vibrational lifetimes than any other

o . . 3
should possess certain characteristics like high sensitivity to the ~ Vibrational modes in various IR probes reported so far.

30 local environment change, narrow bandwidth for less spectral However, still due to their weak transition dipole strengths,

congestion, large transition dipole strength for good signal to nonlinear IR spectroscopic signals are very weak, limiting their

noise ratio and properly long vibrational lifetime. Moreover, the application to studying nonequilibrium protein dynamics in

vibrationally active group incorporated into amino acids should condensed phases.

not significantly perturb the native structure and dynamics of the . . . . . L
& yP i ss In parallel, some interesting studies with azido-derivatized

35 protein of interest. 253334 3536

amino acids, nucleotides and proteins“’s’”*40 have been

reported. The asymmetric stretch mode of the azido group has

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00-00 | 1



w

@

20

2

o

30

35

40

Physical Chemistry Chemical Physics

notably large transition dipole strength as compared to those of
the nitrile, thiocyanato and selenocyanato groups. Furthermore,
its frequency is found to be very sensitive to local electric field
produced by polar groups in solutions and proteins. Consequently,
various azido-derivatized biomolecules have been under
investigation using time-resolved IR pump—probe and 2DIR
methods.®*"*""* Nevertheless, the azido group still has certain
drawbacks. First, its size is a bit larger than that of nitrile. Second,
due to its polar character, the azido group can introduce a large
perturbation to the backbone structures of polypeptides and
their native structural

proteins, which essentially affects

propensities.* Lee et al. showed that azido-derivatized prolines
can have multiple conformations that are mainly modulated by
the intramolecular interactions between the azido group and
backbone peptides.***® Third, the fundamental transition band of
the asymmetric azido stretch mode is often overlapped with other

26,34,36,47-49

accidental Fermi resonance bands, which makes

quantitative spectral band analysis difficult.

Another interesting probes that can be applied to studying
structure and dynamics of proteins are metal carbonyls. One of
the popular carbonyl compounds that has been applied in many
studies is tungsten hexacarbonyl, W(CO)..*>® Its large IR
intensity has been found to be one of the advantages over the
other commonly used probes. However, due to extremely low
solubility in water, its application has been limited to studying
relatively nonpolar environments. Recently, Peran et al. and
Woys et al. have proposed new ways of introducing metal
tricarbonyl into proteins through site-specific mutagenesis,
allowing the carbonyl compounds to be used in aqueous

54,55 the

environments. Besides significantly large intensity,
carbonyl probes have vibrational lifetimes that are sensitive to
local environment. One of possible drawbacks of the carbonyl
probes is their sizes, which could introduce some perturbations to
structure and dynamics of studied proteins when they are

introduced into hydrophobic parts of proteins.

Here, we report a novel IR probe based on isonitrile (NC)-
alanine 1 (Ac-Ala(NC)-NHMe, 1). The
vibrational properties of 1 were investigated by FTIR and

derivatized Fig.
femtosecond IR pump—probe spectroscopy. The experimental
results were directly compared with those of nitrile (CN)-
derivatized alanine 2 (Ac-Ala(CN)-NHMe, Fig. 1) and azido
(N;)-derivatized 3  (Ac-Ala(N;)-NHMe, 1).

alanine Fig.
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Applicability of the isonitrile probe to study the vibrational

dynamics of biomolecules is further discussed.

Experimental section

Materials

Compounds 0—3 were synthesized and characterized (Scheme 1
and Section S1 of the ESI}). Various solvents including D,O and
DMF were purchased from Sigma—Aldrich and used as received.
For FTIR and IR pump—probe experiments, all samples were
placed in a home-made IR cell with two 3 mm thick CaF,
windows and a 25 um thick Teflon spacer. The concentration of
the sample solution used in femtosecond IR pump—probe

measurements was set at 0.3 M.

FTIR spectroscopy
FTIR spectra were measured on a Bruker VERTEX 70
spectrometer. FTIR spectra were measured with a frequency

resolution of 1 cm™! at 22 °C.

Polarization-controlled IR pump—probe spectroscopy
Experimental details on polarization-controlled IR pump—probe
spectroscopy and the femtosecond laser setup used for the present

measurements have been described elsewhere. In brief, a train
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Fig. 1 Structures of compounds 0—3 used for IR study.
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Scheme 1 Syntheses of 1 and 2.

“Reagents and conditions: (a) Ac,0, Et;N, CH,Cl, tt, (5, 97%; 12, 47%);
(b) TFA, rt, 94%; (c) TFEF, HCO,Na, THF, rt, 79%; (d) POCl;, Et:;N,
CH,Cly, =30 °C, 51%; (e) 40% MeNH,, MeOH, tt, (1, 71%; 2, 87%); (f)
Mel, K,CO;, DMF, rt, 84%; (g) 4 N HCl, 1,4-dioxane, rt, 92%.
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of 800 nm pulses generated by femtosecond Ti:sapphire oscillator
(Tsunami, Spectra-Physics) and regenerative amplifier (Spitfire,
Spectra-Physics) are used to pump an optical parametric amplifier
(OPA) to produce near IR pulses centered at ~1.4 ym and ~1.9
um. Then the generated near IR pulses are focused onto 2.0 mm
thick AgGaS, crystal to produce mid-IR pulses through
difference frequency generation process. The mid-IR pulses are
afterwards split by ZnSe beam splitter into pump and time-
delayed probe pulses with intensity ratio of 9:1 and focused onto
a sample. The time delay between those two pulses is controlled
by a motorized linear stage placed in the probe beam line. The
pump—probe signal is frequency-resolved with monochromator
and detected at each time delay by 64-element MCT array
detector. The average power of the pump pulse, measured in front

of the sample, was ~450 uW.

The intensity of the signal decays as the time delay increases
due to both vibrational and orientational relaxation processes. To
separate the vibrational and orientational contributions to the
decaying signal, we had to measure the pump—probe signals with
two different polarizations of the probe beams with respect to the
polarization direction of the pump beam, i.e., parallel S (t) and
perpendicular S (t) signals. From them, we can obtain both
isotropic and anisotropic signals responsible for vibrational

population and orientational relaxations, respectively:

S, (1)

iso

(1)=S,(6)+25,(¢)=3P()

S (1)=5,(2) = 5. (£) =r®P(1) )

Results and discussion

FTIR spectroscopy

To show how sensitive the isonitrile group is to the polarity and
hydrogen-bonding ability of solvent, the FTIR spectra of 1 in the
NC stretch region were investigated with a variety of solvents
(Fig. 2). They range from highly strong H-bond-donating
(CF3;CH,0H), strongly H-bonding (D,O and MeOH) and weakly
interacting (CHCls) to even H-bond-accepting (MeOAc, THF and
DMF) solvents. The detailed analysis results of the FTIR spectra
are given in the ESI, Table S1. It is apparent that the isonitrile
group is a highly sensitive reporter of H bonding.

40
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Fig. 2 Isonitrile (NC) stretch FTIR spectra of 1 in various solvents. For
the fitting parameters, see Table S1 of the ESL.¥

The FTIR spectra of 1 in the non-H-bonding solvents are very
similar to those reported by Levinson et al. for isotopically
labelled benzonitrile.”” The isonitrile peak frequencies of 1 in
three non-H-bonding solvents (MeOAc, THF and DMF) are in
the range from 2148 to 2151 cm ' and the spectral bandwidth
(FWHM) is ~10 cm'. Although the polarities of these three
aprotic solvents are significantly different from one other — note
that the dielectric constants of DMF and MeOAc are 36.7 and 6.7,
respectively — the NC stretch IR spectra are found to be quite

similar.

Now, among the H-bonding solvents, CHCl; has been known
to make a weak C—H H-bonding interaction with H-bond
acceptor. The formation of such weak H bond results in small but
apparent blue-shift of NC frequency to 2154 cm' as well as
significant broadening of the bandwidth (~17 cm™), in
comparison to those in non-H-bonding solvents. Following the
increase of H-bonding strength, the NC frequency is further blue-
shifted and its magnitude is approximately proportional to the H-
bond-donating ability of solvents.*® In D,0, a large frequency
blue-shift of ~20 cm™' and a substantial broadening of the
bandwidth (~24 cm ") are observed. The NC stretch IR spectra of
1 in MeOH and CF;CH,0H appear to be complicated. First of all,
the spectrum in MeOH shows a doublet with a relatively weak
blue-shifted peak — note that the CN stretch IR spectrum of
acetonitrile in MeOH also exhibits a doublet feature but with
more or less equal intensities.” Nonetheless, these two peaks can
still be attributed to the free (2150 cm™') and singly H-bonded
(2173 em ') NC, because the high frequency peak position is
close to that in D,O.

This journal is © The Royal Society of Chemistry [year]
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Fig. 3 (a) Amide I’ FTIR spectra of 0—3 in D,O. (b—d) Isonitrile (NC), nitrile (CN), and azido (N3) stretch
FTIR spectra of 1-3 in DMF and D,O. Background subtracted spectra are presented in (b)—(d). For the fitting
parameters, see Table SI of the ESI} (a) and Table 1 (b—d). Factor analyses for (d) are shown in Fig. S2 of the

ESLt

What is particularly noteworthy is that the peak separation
between two NC bands of 1, which is 23 cm™, is much larger
than that between two CN bands of acetonitrile. This observation
may indicate that either H-bonding interaction of MeOH with
isonitrile is stronger or isonitrile frequency or its stretch potential
energy curve is more sensitive to the presence of H-bonding
interaction. Interestingly, when CF;CH,OH is used, the high
frequency peak of the doublet becomes dominant and shows
further blue-shift to 2184 cm™". This indicates that the OH group
of CF3CH,OH is the strongest H-bond donor among the solvent
considered here, which is consistent with the Kamlet-Taft
parameter’® (Fig S1 of the ESIt) as well as the previous results on
the thiocyanato group.”®"%* This shows that the isonitrile probe
is especially sensitive to the H bond of the OH group in water and

alcohols.

Similar to the trend of NC frequency shift with respect to
solvent H-bond strength, the experimentally measured lineshapes
are also related to it. The bandwidths of NC stretch IR spectra in
non-H-bonding solvents are quantitatively similar to one another,
but it generally increases from ~17 to ~22 cm ' as the solvent H-
bonding ability increases.” Unlike the NC stretch IR spectra of 1
in MeOH and CF;CH,0OH, which are characterized by two
distinct peaks, that in D,O is broad and featureless due to the
spectral overlap of peaks originating from various H-bonding

configurations.

For the sake of the ultrafast IR pump—probe measurements and
comparison with other derivatized alanine systems, D,O and
DMF solvents were specifically chosen for our study since these
two solvents could represent H-bonding and non-H-bonding
environments in proteins, respectively. Note that DMF has
relatively high dielectric constant so that it is a strongly polar
solvent without H-bond-donating ability. The FTIR spectra of
0-3 in both D,O and DMF were measured and the normalized
background subtracted spectra are presented in Fig. 3. The NC
(CN) and azido stretch IR spectra were investigated together with
the amide I’ IR spectra.

The amide I’ bands of 1 and 2 show a single peak that is well
characterized by a single Voigt profile and its frequency is 15
cm ' blue-shifted from that of alanine 0 (Ac-Ala-NHMe) (Fig. 3a
and Table S1 of the ESI}). This indicates that the introduction of
either isonitrile or nitrile group may result in some perturbation to
the backbone conformation of 0 or change in its local solvation.
However, the fact that only a single symmetric peak was
observed in each case indicates that the backbone conformation
or solvation has no notable heterogeneity. Contrary to the finding
in the IR spectrum of (4S)-azidoproline, where the amide I’ band
is split into several distinct components, f-azidoalanine 3 shows a
single symmetric peak at slightly blue-shift (~7 cm™") position in

comparison to that of 0 and its bandwidth is similar to that of 1.>*

4 | Journal Name, [year], [vol], 00—00

This journal is © The Royal Society of Chemistry [year]

Page 4 of 10



Page 5 of 10

o

2

S

2

o

30

Physical Chemistry Chemical Physics

Table 1 Spectral properties of 1-3¢

D,0 DMF D,0 DMF D,0 DMF
Oecenter (€M) 2169.5 2151.6 2260.4 2250.2 2116.1 2103.6
FWHM (cm ) 24.1 10.6 14.3 11.0 29.0 26.4
e(cm ‘M) 142 390 14 27 349 333
D’ (10” Debye?) 1.82 221 0.06 0.15 5.49 4.80
T (ps) 5.52+0.18 5.53+0.17 - - 1.14+0.04 1.34+0.08
(0.10)¢ 0.10)*
0.13+0.01 0.065+0.004
(0.24)¢ (0.15)¢
Tor (PS) 10.33£2.24° 7.28+0.94 - - 4.50+0.95 3.82+1.98
0.52+0.20

“Fitting parameters obtained from Figs. 3b—d (®centers FWHM, ¢ and D), 5b and 6b (77 ) and 5S¢ and 6c¢ (7). bref. 72. “major component. "amplitudes.

Although the NC and CN stretch bands of 1 and 2 exhibit a
single symmetric peak (Fig. 3b and c), their vibrational properties
are quantitatively different (Table 1). First of all, the center
frequency of the NC stretch is red-shifted by ~100 cm ' in
comparison to that of the CN stretch in both solvents. Such red-
shift is definitely advantageous because the NC peak is farther
away from the broad OD stretch band in D,0 solution, which
makes nonlinear IR spectroscopic studies of NC probe easier
without undesired background absorption by D,O. Often, to
eliminate such high background level at peak maximum of the
CN stretch band, either single or double isotopic labelling of the
nitrile group was needed, which is expensive.’”*> Moreover, the
synthetic route used in the present work allows for isotopic
labelling of the isonitrile group as well, consequently shifting the
band further to the region where the absorbance of the OD stretch
is negligibly small. In H,O, the IR pump—probe signals in the
frequency ranges of these IR probes are often heavily
contaminated with strong heat contributions from vibrational
excitations of broad combination (H,O bending + water

intermolecular vibrations) modes at around 2100 cm™'.%*%*

The Nj stretch band of 3 exhibits also a single peak but, in
contrast to the NC and CN stretch bands, the spectrum is
asymmetric in lineshape (Fig. 3d). It is likely that the source of
asymmetric lineshape is the overlap of the Nj stretch band with a
peak originating from accidental Fermi resonance with one of the
overtone or combination bands (for factor analyses, see Fig S2 of
the ESIt). The centre frequency of the Nj stretch is red-shifted by
~50 cm™! and ~150 cm™' in comparison to that of the NC and CN
stretch, respectively (see Table 1). Such substantial red-shift of
the Nj stretch with respect to nitriles is, together with its large

intensity, one of the advantages of the azido probes.
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What appears to be the most interesting feature of our new
probe 1 is its large dipole strength that allows for measuring the
spectra at relatively low concentrations. The dipole strength of
the NC stretch mode is 1.82—2.21 1072 D? which is 540 times
larger than that of the CN stretch modes in various CN-
derivatized IR probes and is only about 2—3 times smaller than
that of the azido stretch mode. It is noteworthy that a number of
different azido-derivatized IR probes have been used and their
transition intensities were found to be larger than that of 3
depending on the type of molecule to which the azido group is
attached.'”® Although the dependence of transition intensity of
isonitrile on attached molecular structure has not been
investigated yet, it is possible that the intensity differences
between azido and isonitrile probes are larger than the one
reported here. The origin of large increase in transition dipole
strength can be attributed to the hyperconjugation between the o
bonding orbital of the C—H bond and the z* antibonding orbital
of the neighbouring NC group. The electronic structure of NC
indicates that the nitrogen atom possesses partially positive
charge and the terminal carbon has partially negative charge. This
makes the electronic structure of NC unstable compared to that of
CN. Thus, the lower-lying z* antibonding orbital of NC is placed
energetically close to the ¢ bonding orbital of C—H, which
enhances the hyperconjugation and increases the antibonding
character of NC compared to CN. This model also supports that
the observed red-shift comes from the weakening of triple bond
character due to the increase of antibonding character with
hyperconjugation. Thus, we believe that isonitrile may serve as a
great probe for studying ultrafast dynamics of biomolecules with

time-resolved IR pump—probe measurement method.

This journal is © The Royal Society of Chemistry [year]
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Fig. 4 Time- and frequency-resolved isotropic IR pump—probe signals (upper) and their slice spectra
(lower) at the delay time ¢ for 1 in D,O before (left) and after (right) subtraction of the heat contribution.

Polarization-controlled IR pump—probe spectroscopy

To determine the vibrational and orientational relaxation lifetimes
of the NC stretch mode, we carried out polarization-controlled IR
pump—probe (IR PP) measurements for 1. For direct comparisons,
the same measurements were carried out for the Nj stretch mode
of 3. Due to the very low transition dipole strength of the CN
stretch mode, it was impossible to obtain good quality signal for 2.
Frequency-resolved IR PP signals for 1 in D,0 are presented in
Fig. 4. The IR PP signal consists of both positive and negative
contributions that originate from different transition pathways.

The positive peak results from the ground-state bleach (v=0 — 1

transition) and stimulated emission (v 1 — 0 transition),

whereas the negative peak results from the excited-state

absorption (v =1 — 2 transition).

Although the energy relaxation process should make the signal
eventually decay to zero, finite residual signal originating from
pump-induced heating effect was observed (Fig. S3 of the
ESIT).% Heating signal usually makes it difficult to accurately
determine vibrational lifetimes. Here, we eliminate the heating
contribution to the isotropic IR PP signal by assuming that it is a

rising function:

h(1) —[16XP(T,;D

Since the IR PP signal at long delay times is dictated by the

3)

heating component, the corrected IR PP signal is obtained by

25 subtracting the scaled signal at long times from the raw signal as

=3

35

40

o

“)

The only remaining parameter that needs to be chosen is

P(o,t)=S,, (o) h(t) S,

i,\'u(a)>w)
exponential time constant Ti., representing the local heating

process. If we assume that the local heating occurs mainly due to

30 the relaxation of the OD stretch mode of D,O solvent molecules

we can apply the literature value of Ty, = ~0.9 ps.” The IR PP
signals before and after subtraction with this time constant are
presented in Fig. 4 upper, which shows that heating contribution
was successfully removed. Slice spectra at several delay times
shows symmetric shape with approximately equal 0—1 and 1-2
transition peak intensities. Furthermore, this correction scheme
with eqn (4) also works well in removing the background signal

(compare the left and right slice spectra in Fig. 4 lower).

The heating contribution-free isotropic IR PP signals for 1 and
3 in D,0 and DMF were obtained (Fig. S4 of ESI) and their
slice spectra at each delay time (Figs. 5a and 6a) were fitted to
two Gaussian functions for the 0—1 and 1-2 transition peaks. The
vibrational lifetimes were obtained from the time profiles of the

integrated peak areas of the positive (0—1) and negative (1-2)

4s peaks. In the case of 1, the vibrational population decays were

well-characterized by a single-exponential function, where the
vibrational lifetimes were determined to be 5.52 + 0.18 ps and
5.53 £ 0.17 ps in D,0O and DMF, respectively (Fig. 5b). Here, it

should be noted that the positive and negative peak areas could be

6 | Journal Name, [year], [vol], 00—00
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Fig. 5 Polarization-controlled IR pump—probe data of 1. () Isotropic IR
pump—probe spectra of 1 in DMF at the delay time ¢ (b) Vibrational
population decays of 1 in D,O and DMF. The integrated peak areas of the
positive (0—1) and negative (1-2) peaks of the isotropic IR pump—probe
spectra were fitted to a single-exponential decay function for both D,O
and DMF solutions. (¢) Anisotropy decays of 1 in D,O and DMF. The
anisotropic signals at the probe frequency were fitted to a biexponential
(D,0 solution) or single-exponential (DMF solution) decay function. For
the fitting parameters, see Table 1.

quantitatively measured mainly because the peak-to-peak
frequency difference is large due to large anharmonicity of the
NC group compared with the bandwidth. In many IR PP
experiments, reliable and independent estimations of 0—1 and 1-2
peak areas have often been hampered by destructive interference
between them. However, the NC probe provides sufficiently large
peak separation so that this new IR probe opens the possibility to
separately observe the dynamics of molecules in vibrationally
excited and ground states without relying on model based fitting

analysis. The observation of nearly identical vibrational lifetimes

in both D,O and DMF, indicates that intramolecular vibrational
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relaxation is the dominant relaxation process for the NC stretch

mode.

For 3, the vibrational population decays were characterized by
to a biexponential function, where the vibrational lifetimes were
determined to be 1.14 + 0.04 ps and 0.13 + 0.01 ps in D,O and
1.34 £ 0.08 and 0.065 + 0.004 ps in DMF (Fig. 6b). In addition,
the amplitude of the short time component is quite large (see
Table 1), which indicates that the majority of the signal decays in
sub—picosecond timescale after the excitation. However, it should
be noted that the duration of the mid-IR pulse used in our
experiments is ~60 fs so that there exists an uncertainty in
determining time constants that are comparable to or even shorter
than the pulse duration time. The vibrational lifetime of the NC
stretch mode is found to be several times longer in comparison to
that of the azido stretch mode and also longer than that of the CN
stretch mode in cyanophenylalanine.®”®

The orientational relaxation time constants were estimated
from anisotropic signals at certain probe frequencies. For 1 in
D,0, the orientational relaxation time constant was obtained by
taking the average value for the anisotropic signals in the probe
frequency range from 2178 to 2184 cm ' (Fig. 5c). All the
anisotropy decays show a biexponential pattern with time
constants of 0.52 + 0.20 ps and 10.33 + 2.24 ps and with almost
equal amplitudes. In the case of DMF solution, the anisotropic
signals in the probe frequency range from 2150 to 2156 cm™'
were used to determine the orientational relaxation time constant.
Contrary to the anisotropy decay in D,0, that in DMF is found to
be well-described by a single-exponential function with a time
constant of 7.28 = 0.94 ps. In the case of 3, the anisotropic signals
in the probe frequency range of 2115—2125 and 2104-2113 cm*
were used for D,O and DMF solutions, respectively. It is found
that the anisotropy decays are well-described with a single-
exponential function with time constants of 4.50 = 0.95 ps and

3.82 £ 1.98 ps in D,O and DMF, respectively (Fig. 6¢).

The orientational relaxation time constants can be related to the
local solvation structure around the vibrational probe. In DMF,
the anisotropic signal at time zero is slightly different from 0.4.
Such deviation could originate from inertial orientational
relaxation component that decays within the duration of the probe
pulse and it cannot be resolved using our experimental setup.

Interestingly, the inertial component is significantly smaller in

This journal is © The Royal Society of Chemistry [year]
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Fig. 6 Polarization-controlled IR pump—probe data of 3. (a) Isotropic IR
pump—probe spectra of 3 in D,O at the delay time 7. (b) Vibrational
population decays of 3 in D,O and DMF. The integrated peak areas of the
positive (0—1) and negative (1—2) peaks of the isotropic IR pump—probe
spectra were fitted to a biexponential decay function for both D,O and
DMEF solutions. (c) Anisotropy decays of 3 in D,O and DMF. The
anisotropic signals at the probe frequency were fitted to a single-
exponential decay function for both D,O and DMF solutions. For the
fitting parameters, see Table 1.

D,O compared to DMF. Perhaps, the lack of fast inertial
orientational relaxation in D,O might be due to the strong H-
bonding interaction of IR probe with surrounding water

molecules in H-bonding network.

In H-bonding environments, the orientational diffusion has
often been found to occur biexponentially, where the short time
from restricted orientational motion

H bonds with the

component originates
without breaking and reforming the
vibrationally excited probe molecule. The biexponential decay of

the anisotropy can be analysed by a wobbling-in-a-cone

20 model.”®"" The details about the model can be found in Section
S2 of the ESLj One of the most meaningful parameters
describing the degree of restriction on the wobbling-in-a-cone
motion is the so called generalized order parameter Q, which can
be easily obtained from the amplitude of the slow or fast

»s component of the biexponential anisotropy decay. The parameter
QO is equal to one for unrestricted motion and zero for fully
restricted motion. We determined the parameter Q to be equal to
0.53 with semi-cone angle of 36.5° for 1 in D,O (Table S3 of the
ESIt), which indicates a partially restricted orientational motion

30 of the NC group. On the other hand, the single-exponential
anisotropy decay of 3 in D,O indicates clearly different solvation
structure and H-bonding pattern around the azido probe, resulting
in substantially less restricted orientational diffusion and
dominant contribution from the long-time complete orientational

35 randomization.

Before closing the discussion about pump—probe data, it
should be noted that the NC probe is particularly sensitive to its
H-bonding interaction and dynamics. As shown in isotropic and
anisotropic IR PP data analyses of the NC probe, both vibrational

40 lifetime and orientational relaxation time constant show no
notable difference between D,0O and DMF, which suggests that
the contribution of homogeneous broadening to the entire IR
absorption bandwidth may be more or less the same. Thus, an
increase in the bandwidth of the NC probe spectrum in D,O could

4s reflect inhomogeneity of solvation structures with varying H-
bond numbers and strengths. The interconversion dynamics
among these hidden (spectrally unresolvable) structural variations
could be studied by examining spectral diffusion dynamics
measured using 2DIR method. With this large transition dipole

so strength and high sensitivity to H-bonding structure, we
anticipate that the NC probe will become one of the popular
probes for studying site-specific hydration structure of biological

samples using 2DIR method in the future.

Summary
ss  In present work, we have studied the vibrational properties of
NC-, CN- and Nj-derivatized alanines 1-3 using FTIR and
ultrafast IR pump—probe methods. From the FTIR spectra of 1-3,
we found that these IR probes have notably different sensitivities
to H-bonding interactions. In addition, the dipole strength of the
6 NC stretch mode is almost 5—40 times larger than that of the CN

stretch mode. Moreover, the center frequency of the NC stretch

8 | Journal Name, [year], [vol], 00—00
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mode is red-shifted by ~100 cm ' compared to that of the CN
stretch mode, resulting in a large offset from the broad and
intense OD band in D,O solution, which makes it particularly

better probe for nonlinear IR studies.

The ultrafast IR pump—probe experiments provided us
information about the vibrational and rotational dynamics of 1
and 3. Analyzing the time evolution of the integrated peak areas
of the positive and negative pump—probe peaks, we determined
the vibrational lifetimes of the NC stretch mode to be 5.5 + 0.2 ps
in both D,O and DMF, which is several times longer than those
of the azido stretch mode. In addition, the fact that the vibrational
lifetime of the NC stretch mode in D,0O and DMF is identical
indicates that the vibrational relaxation processes are mainly
determined by intramolecular vibrational relaxation. The
orientational relaxation time constants of the NC stretch mode
were found to be 0.52 + 0.20 ps and 10.33 £ 2.24 ps in D,0 and
7.28 £ 0.94 ps in DMF. The biexponential anisotropy decay was
analysed using the wobbling-in-a-cone model and the degree of

restriction on the orientational diffusion was discussed.

In summary, it is believed that the isonitrile stretch mode has
the potential to be an excellent IR probe for studying the structure
and dynamics of proteins. Moreover, it can also be used to probe
the local electrostatic potential and its linear and nonlinear

gradients because of its high sensitivity to local environment.
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