
Reply to “Comment on ‘Arresting an Unusual Amide Tautomer
Using Divalent Cations’”
Somnath M. Kashid, Reman K. Singh, Hyejin Kwon, Jin Gyu Seol, Yung Sam Kim,* Arnab Mukherjee,*
and Sayan Bagchi*
J. Phys. Chem. B 2019, 123 (40), 8419−8424. DOI: 10.1021/acs.jpcb.9b08463
J. Phys. Chem. B 2021, 125. DOI: 10.1021/acs.jpcb.0c04272

Cite This: J. Phys. Chem. B 2021, 125, 479−483 Read Online

ACCESS Metrics & More Article Recommendations

In our publication, we assigned the blue-shifted shoulder ofN-
methylacetamide (NMA) in the infrared (IR) spectrum

(∼1645 cm−1) to an iminolate tautomer stabilized in the
presence of divalent metal cations (e.g., 5 MCa2+).1 Cremer and
co-workers comment that this shoulder arises from the
dehydration of the amide oxygen upon interaction with the
metal cations.2,3 Their assignment is based on three interesting
experimental observations: (1) the IR spectrum of 15N-isotope-
labeled NMA does not show any considerable red-shift
compared to that of NMA; (2) a new peak appears for NMA
at 1680 cm−1 in the presence of 1MDCl, which shows a 17 cm−1

red-shift for 15N-labeled NMA; and (3) the IR spectrum of
acetone CO stretch also demonstrates a blue-shifted shoulder
in the presence of a high concentration of CaCl2.
As seen in the presence of 1 M DCl, 15N-labeling induces a

∼17 cm−1 red-shift. Apparently, in the presence of CaCl2, a
similar red-shift in the higher-frequency shoulder will have a
formidable overlap with the amide I band. Deconvolution of the
overlapping transitions solely on the basis of peak positions in
the IR absorption spectra can be challenging at times. 2D IR
spectroscopy, which spreads the signal in two dimensions, has
proven to be useful under such circumstances. We performed a
2D IR experiment on NMA in D2O in the presence of 1 M DCl
(Figures 1 and 2). If the iminolate tautomer only contributes to
the peak at∼1680 cm−1, the amide I band at∼1620 cm−1 should
be the same as that in the absence of DCl. Interestingly, a modest
change can be observed in the difference spectrum (Figure 2C)
obtained by subtracting the 2D IR spectrum of NMA in neat
D2O (Figure 2B) from that in the presence of 1 M DCl (Figure
2A). In the presence of 1MDCl, the peakmagnitude at the high-
frequency end of the amide I band of NMA increases, whereas
that of the low-frequency end decreases. The frequency range for
this increase in peak intensity is in agreement with the blue-
shifted shoulder.
Cremer and co-workers have reported a peak at 1645 cm−1 for

both 15N-labeled NMA and unlabeled NMA. As the amide I
resonance is not purely CO in character, it is surprising that
no red-shift was observed by Cremer for the blue-shifted
shoulder for 15N-labeled NMA. A dehydrated amide I band is
expected to show a small red-shift upon isotope labeling. A small
red-shift was indeed observed for the band at ∼1620 cm−1. We

believe that the blue-shifted shoulder can have a contribution
from both dehydration of the amide oxygen upon interactions
with Ca2+ cations and the iminolate tautomer. The relative
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Figure 1. (A) FTIR and (B) 2D IR spectra (at T = 0) of aqueous
solution of NMA in the presence of 1 M DCl. An enlarged view of the
rectangular region is shown in Figure 2A. The concentration of NMA is
50 mM, and the thickness of the sample is 25 μm.
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contribution arising from each phenomenon is difficult to
decipher at this point. Cremer’s results on 15N-labeled NMA

definitely demonstrates that imimolate is not the sole
contributor to the blue-shifted peak. However, as described

Figure 2. (A, B) 2D IR spectra of an aqueous NMA solution (A) in the presence of 1 M DCl and (B) in neat D2O. (C) Difference spectrum between
the spectra shown in parts A and B. The spectra in parts A and B were normalized to have the same integrated area. The spectra were collected atT = 0.

Figure 3. FTIR spectra and 2D IR spectra of aqueous solutions of NMA in the presence of 5 M (A, C) and 6M (B, D) of CaCl2. The concentration of
NMA is 50 mM, and the thickness of the sample is 25 μm. In each spectrum, the spectral magnitude inside the small rectangle was multiplied by 12
times.
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Figure 4. (A) FTIR spectrum of aqueous acetone in the presence of 4MCaCl2. (B, C) 2D IR spectra at (A)T = 0 and (B)T= 15 ps. The concentration
of acetone is 100 mM, and the thickness of the sample is 25 μm.

Figure 5. Experimental and simulated FTIR andT-dependent 2D IR spectra of an aqueous sample of NMA in the presence of 5MCaCl2. Left column:
experimental FTIR (top) and 2D IR spectra at T = 0, 5, 10, and 15 ps. Middle column: experimental FTIR (top) and simulated 2D IR spectra at T = 0,
5, 10, and 15 ps. Right column: difference between the left and middle columns. The simulated spectra were based on the model reported
previously.5−7
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above, a partial contribution from the tautomer cannot be ruled
out. A recent study by Cracchiolo et al. reported a peak at∼1680
cm−1 for aqueous NMA in the presence of a high concentration
(6M) of CaCl2.

4 However, we did not observe the reported peak
in our 2D IR spectra of aqueous NMA in the presence of 5 and 6
M of CaCl2 (Figure 3).
A similar blue-shifted shoulder is indeed seen for the acetone

CO stretch in the presence of a high concentration (4 M) of
CaCl2. We performed 2D IR spectroscopy and estimated an
exchange time scale of ∼5 ps for acetone in the presence of 4 M
CaCl2 (Figure 4). We have also performed extensive numerical
simulations, based on earlier reported protocols,5−7 to extract
the exchange time scale in the case of NMA in the presence of 5
M CaCl2 (Figure 5). A much slower exchange of ∼17 ps is
estimated for NMA in the presence of 5 M CaCl2, plausibly
arising from the partial contribution of Ca2+ attachment−
detachment dynamics. Another distinct difference is in the
intensities of the blue-shifted shoulders of acetone andNMA 2D
IR spectra in the presence of CaCl2. For NMA, the blue-shifted
peak is more intense than that arising from amide I, whereas the
reverse is true for acetone. A similar low-intensity blue-shifted
peak arising from dehydration has been previously reported for
ethyl acetate in D2O.

7,8 The reported hydration−dehydration
dynamics time scale for ethyl acetate was 1.3 ps.7 The ∼5 ps
exchange time scale, along with the previous report of such a
peak for ethyl acetate, indicates that the blue-shifted shoulder for
acetone arises from dehydration. Our theoretical calculations
predict that the CN mode has a higher extinction coefficient
than that of the amide I mode. The slower exchange time scale in
NMAwhen combined with the theoretical prediction hints at an
additional phenomenon in NMA, which is absent for acetone.
Interestingly, the blue-shifted shoulder in ethyl acetate
completely vanishes in the presence of CaCl2 (Figure 6). This
shows that the shoulder peak is not a general phenomenon for
carbonyls.
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