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Abstract

DFT calculations were performed to study the solvent effect on the vibrations of 4-
azidoacetanilde in the range including the azido asymmetric stretch, i.e. 2000-2300 cm, using N,
N-dimethylacetamide (NNDMA\) and tetrahydrofuran (THF) as solvents. B3LYP functional was
employed in the DFT calculations with 7 basis sets, 6-31G(d,p), 6-31+G(d,p), 6-31++G(d,p), 6-
311G(d,p), 6-311+G(d,p), 6-311++G(d,p), and 6-311++G(df,pd). The results show that there are
7 combination bands coupling with the azide asymmetric stretch mode. As a result, the absorption
profile of 4-azidoacetanilde is very solvent dependent. Specifically, stronger couplings of
vibrations of 4-azidoacetanilde are predicted in NNDMA and the intensity of the azide asymmetric
stretch is substantially reduced. Interestingly, the frequency of the azide asymmetric stretch of 4-
azidoacetanilde in NNDMA is essentially the same as that of 4-azidotoulene. The intensity of the
azide asymmetric stretch of 4-azidoacetanilde in THF is slightly increased with respect to that of
4-azidotoulene. Furthermore, the azide asymmetric stretch of 4-azidoacetanilde in THF remains
nearly the same as in NNDMA but is blue shifted with respect to that of 4-azidotoulene. This
indicates that a more complex and sensitive absorption profile will be expected when 4-

azidoacetanilde is used as IR probe.
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1. Introduction

Organic azides have been widely studied for their role in participating in reactions! as well as
as probes.”* For instance, 4-azidotoluene and 4-azido-N-phenylmalemide were studied for the
fermi resonance in the infrared spectra® as a part of the efforts to develop organic small
molecule (OSM) based IR probes>!! to detect proteins?-1 utilizing carbon-deuterium
bond, nitrile, thiocyanate, azide, cyanamide, alkyne, or carbon-fluoride functional
groups.tt16-3¢ The facile synthesis of OSMs and the ability of fine tuning their properties of
interest through functionalization have also made them promising materials in the development of
solar cells,®” luminescence® and fluorescence sensors.>® Many OSM studies have therefore been
carried out at the level of single molecules*-"* as well as aggregates®”">8 to better understand the
properties of these materials.

In the DFT studies on the IR spectra of 4-azidotoluene and 4-azido-N-phenylmalemide, we
found that the vibrations of azido asymmetric stretch is closely coupled with other combination
bands and is sensitive to the solvent. It will be interesting to further explore the effect of other
functional groups on the IR spectrum of azido based molecules. Therefore, we carried out DFT
calculations of 4-azidoacetanilde (as shown in Figure 1) in two solvents, N, N-dimethylacetamide
(NNDMA) and tetrahydrofuran (THF). The objectives of the current work is twofold. The first
is to further examine the influence of functional groups to the azido asymmetric stretch and the
coupling strength of various modes. The second is to understand how solvent affect the IR
spectrum and coupling among various vibrations. Similar to the previous studies of azido
molecules, B3LYP functional was also employed in the current DFT calculations with 7 basis sets,

6-31G(d,p), 6-31+G(d,p), 6-31++G(d,p), 6-311G(d,p), 6-311+G(d,p), 6-311++G(d,p), and 6-
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311++G(df,pd). Details of the computation are given in section 2. The results and discussion are

provided in section 3 and the conclusions are drawn in section 4.

Figure 1. Chemical structure of 4-azidoacetanilde. The red, blue, gray, and white balls with numbers
denote O, N, C, and H atoms, respectively.

2. Computational Details

All DFT calculations were carried out using Gaussian 16.%° Geometry optimization and IR
studies were performed for 4-azidoacetanilde in the same fashion as the previous studies of 4-
azidotoluene and 4-azido-N-phenylmalemide.® In summary, B3LYP was used in all DFT
calculations with seven basis sets, 6-31G(d,p), 6-31+G(d,p), 6-31++G(d,p), 6-311G(d,p), 6-
311+G(d,p), 6-311++G(d,p), and 6-311++G(df,pd). Two solvents NNDM and THF were used to
study the solvent effects. The polarizable continuum model using the integral equation formalism
variant was used to include the solvent effect rather than the explicit solvent molecules. Standard
convergence criteria were used in the DFT calculations, namely the self-consistent field, gradient,
and energy convergence were set to be 1078, 107, and 107> a.u., respectively. These convergence

criteria have been also used in our previous work on other organic small molecules!®-%4 as well
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as DFT calculations of the other azido molecules.® We note that the harmonic frequency results
showed that no imaginary frequencies for the optimized strcuture ensuring that it is at the minimum
of the potential energy surface.

Anharmonic frequencies were obtained from the DFT calculations together with the cubic
force constants of overtones and combination bands of 4-azidoacetanilide. To determine the Fermi
Resonance (FR), we used both cubic coupling constants Kijk and the third-order Fermi

resonance parameter (TFR)!%%:1% that was calculated by

|Kijk]|

TFR = o (D
Ao = |oi + 0] — ok|, (2)
where i, j, and k represents the fundamental mode. The combination band (or mode)
of i and j is denoted as overtone when i=j. The combination modes (or bands) are
considered resonant when TFR is of order ~1 or larger. To make sure all the possible
couplings are included, we searched all the vibrational peaks of the molecule within
+£130 cm™!' from the azido asymmetric stretch. The relative peak position (Aw’) was
calculated using
Ao’ = 0ij — ok, (3)

where wij and wk are the frequencies of combination band or overtone and the azido

asymmetric stretch vibration, respectively.

3. Results and Discussion

In what follows, we will first present the geometric and electronic results of 4-azidoacetanilide

in NNDMA and THF from the B3LYP/6-311+G(d,p) calculations. Then we will present the IR
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spectra of the molecule in NNDMA and THF. Finally, we will discuss the solvent effect on the IR
of 4-azidoacetanilide and compare the IR spectra with those of 4-azidotoluene. The structural
parameters of 4-azidoacetanilide obtained from B3LYP/6-311+G(d,p), i.e. bond distances, bond
angles, and dihedral angles, are summarized in Tables 1-3. The atoms are numbered according to
the picture in Figure 1. In 4-azidoacetanilide, the azide group and benzene ring are in the same
plane (D12 =~ 180°). There are no significant changes in the bond distances and bond angles in two
solvents. However, the dihedral angels of the D15, D16, D19, and D20 change slightly in different

solvents.

Table 1. Bond distances (A) of 4-azidoacetanilide in NNDMA and THF obtained from B3LYP/6-
311+G(d,p) calculations.

Label Definition NNMDA THF

R1 R(1,2) 1.399 1.399
R2 R(L,3) 1.399 1.399
R3 R(2,4) 1.390 1.390
R4 R(2,5) 1.084 1.084
R5 R(3,6) 1.389 1.389
R6 R(3.7) 1.082 1.082
R7 R(4,8) 1.399 1.399
RS R(6.,8) 1.397 1.397
R9 R(4,9) 1.084 1.084
R10 R(6,10) 1.083 1.083
R11 R(8,11) 1421 1.420
R12 R(11,12) 1.231 1.231
R13 R(12,13) 1.133 1133
R14 R(1,14) 1.421 1.420
R15 R(14,15) 1.013 1.013
R16 R(14,16) 1.370 1372
R17 R(16,17) 1.231 1.229
R18 R(16,18) 1511 1512
R19 R(18,19) 1.093 1.093
R20 R(18,20) 1.090 1.090
R21 R(18,21) 1.089 1.089
5
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Table 2. Bond angels of 4-azidoacetanilde in NNDMA and THF obtained from B3LYP/6-
311+G(d,p) calculations

Label Definition NNDMA THF

Al A(1,2,3) 119.12 119.06
A2 A(1,2,4) 120.74 120.77
A3 A(1,2,5) 119.63 119.59
A4 A(1,3,6) 120.39 120.43
A5 A(1,3,7) 120.24 120.18
A6 A2,4,8) 119.77 119.78
A7 A(3,6,8) 120.19 120.20
A8 A(2,4,9) 119.42 119.43
A9 A(3,6,10) 120.39 120.45
A10 A(4,8,11) 123.99 124.00
All A6,8,11) 116.25 116.27
A12 A(8,11,12) 119.03 118.97
A13 A(11,12,13) 172.71 172.75
Al4 A(1,3,14) 121.95 121.96
A15 A(1,14,15) 116.48 116.56
A16 A(1,14,16) 130.10 130.18
A7 A(14,16,17) 119.59 119.59
A18 A(14,16,18) 118.98 118.89
A19 A(16,18,19) 109.72 109.71
A20 A(16,18,20) 113.05 113.10
A21 A(16,18,21) 107.85 107.78

Table 3. Dihedral angels of 4-azidoacetanilde in NNDMA and THF obtained from B3LYP/6-
311+G(d,p) calculations.

Label Definition NNDMA THF

D1 D(4,2,1,3) -0.56 -0.52
D2 D(5,2,1,3) 179.67 179.77
D3 D(6,3,1,2) 1.67 1.66
D4 D(7,3,1,2) -177.31 -177.27
D5 D(8,4,2,1) -0.72 -0.76
D6 D(8,6,3,1) -1.50 -1.52
D7 D(9,4,2,1) 179.96 179.95
6
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D8 D(10,6,3,1)
D9 D(2.4,8,11)
D10 D(3,6,8,11)
D11 D(4,8,11,12)
D12 D(6,8,11,12)
D13 D(8,11,12,13)
D14 D(6,3,1,14)
D15 D(3,1,14,15)
D16 D(1,14,16,17)
D17 D(1,14,16,18)
D18  D(14,16,18,19)
D19  D(14,16,18,20)

D20  D(14,16,18,21)

179.78

-179.51

-179.42

-0.29

179.32

-179.84

178.87

-135.10

50.52

-179.24

-91.86

29.11

179.81

-179.49

-179.41

-0.29

179.33

-179.89

178.86

-134.89

50.67

-179.27

1.33

-92.01

29.02

The DFT calculated frontier molecular orbitals, i.e. HOMO and LUMO, of 4-azidoacetanilide

are illustrated in Figure 2. The HOMO and LUMO orbitals are the same in two solvents. The

HOMO orbital is distributed in the region perpendicular to the bond axis avoiding all hydrogen

atoms while the LUMO orbital is localized parallel to the bond axis and only covers the azide

region and three carbon atoms close to the azide group. As the dihedral angles D15 and D16

slightly changed for both solvents due to the free bond rotation around single bonds. Hence, we

expect that this will result in huge changes in the strength of the coupled vibrational modes

consisting of the acetamide group.
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Figure 2. The spatial distributions of HOMO and LUMO molecular orbitals of 4-azidoacetanilide in
NNDMA (left two) and THF (right two) obtained from B3LYP/6-311+G(d,p). The energies are in eV.
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4-azidoacetanilide consists of 21 atoms. Thus, 57 (3N-6) fundamental vibrational modes can
be observed in principle from the IR spectrum. The harmonic and anharmonic vibrational spectra
of 4-azidoacetanilide with DFT/B3LYP/6-311+G(d,p) level in NNDMA are shown in Figure 3
with the vibrational modes with high intensities in the harmonic spectrum shown in Table 4. Data
in Figure 3 and Table 4 shows that the azide asymmetric stretch (mode 49) has the highest intensity.
Then, modes 48, 45, 40, 39, 38, and 37 have the next highest intensities. Hence, these vibrational

modes are expected to most likely contribute to the FRs with azide asymmetric stretch.
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Figure 3. IR spectra of 4-azidoacetanilide in NNDMA from the B3LYP/6-311+G(d,p) calculations.
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Table 4. Vibrational modes of 4-azidoacetanilide in NNDMA from B3LYP/6-311+G(d,p).

VU (harmonic) ‘U(anharmonic) |(harmonic) |(anharm0nic) /
Mode Vibration
/cmt /cm? / km mol* km mol*

49 N, asymmetric stretch 2216.9 2173.9 1868.1 475.4
48 C=0 stretch, C-H in plane 1679.2 1643.2 1045.4 342.2
45 sp? C-H in-plane 1535.3 1492.0 463.9 169.8
40 sp® C-H oop 1398.4 1371.2 152.0 70.4

N_Sym stretch + C-N stretch +
39 R . 1363.5 1315.6 143.0 61.3

ring vibrations + C-H in-plane

C-N stretch + ring vibrations +
38 1342.4 1305.8 716.4 2.5

C-H in-plane

37 sp? C-H in-plane 1332.5 1301.8 181.7 219.3

The anharmonic vibrational spectra of azide adsorption profile shown in Figure 3 shows a
complex absorption profile, unlike those of 4-azidotoluene and 4-azidoacetanilide. Comb(20 45),
Comb(22 41), and Comb(21 44) have the highest intensity. The high intensities for Comb(22 41)
and Comb(16 48) modes which will be proven to be non-FRs later. The cubic force constants are
shown for high-intensity peaks within the transparent window in Figure 4. Comb(24 39) has the
highest cubic force constant around 50 cm™. But it is ~50 cm™ away from the azide asymmetric
stretch. Both Comb(22 39) and Over(33) have a cubic force constant of ~35 cm™, but they are also
very far away from the fundamental vibration, ~80 and ~95 cm, respectively. Then, Comb(24
38) has the cubic force constant > 10 cm™. However, it is also ~50 cm™ away from the fundamental
vibration. Both Comb(25 39) and Comb(24 40) are somewhat closer to the fundamental vibration
with cubic force constant < 10 cm™. Hence, the intensity of these modes is not high from the

vibrational coupling.
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Figure 4. Cubic force constants of vibrational modes that can potentially couple with the azide
asymmetric stretch of 4-azidoacetanilide in NNDMA obtained from B3LYP with 6-31G(d,p), 6-31+G(d,p),
6-31++G(d,p), 6-311G(d,p), 6-311+G(d,p), 6-311++G(d,p), 6-311++G(df,pd).

When Kk < 10 cm and the vibrational mode is close to the fundamental vibration, there is still a
chance to generate FRs. For example, Comb(20 45) is 10 cm™* away from the azide asymmetric stretch
except for the 6-31G(d,p) basis set, and has a cubic force constant of 5 cm™. Thus, Comb(20 45) has high
intensity comparatively. When comparing the general trend of frequencies (A®’) and resonance shift (Aw)
of these FRs to the azide asymmetric stretch, they show the same pattern except for Comb(24 40) and
Comb(20 45) due to the frequency is changing from -A®’ to +Aw’ for double zeta to triple zeta basis sets.
TFR values shown in Table 5 directly estimate what FRs are involved in complex azide adsorption profiles.
However, lower Ao values can give exceptionally high TFR values. For example, Comb(24 40) has a high
TFR value of 17.5 due to a low Aw of 0.2 cm™. To figure out FRs, the consistency of the TFR value is
important. According to Table 3.17, only Comb(24 39) has TFR > 1. Hence, Comb(24 39) is strongly

coupled to the azide asymmetric stretch.

10
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Table 5. TFR values for the combination or overtone bands that may potentially couple with azide
asymmetric stretch in 4-azidoacetanilide in NNDMA

Mode
Over(33)
Comb(30 34)
Comb(29 34)
Comb(28 35)
Comb(27 35)
Comb(25 39)
Comb(24 40)
Comb(24 39)
Comb(24 38)
Comb(23 40)
Comb(23 39)
Comb(22 41)
Comb(22 39)
Comb(21 44)
Comb(20 45)
Comb(16 48)
Comb(15 48)

Comb(14 48)

6-31G(d,p)
0.443
0.056
0.034
0.006
0.004
0.354
0121
0.863
0.136
0.006
0.051
0.080
0.336
0.100
0.427
0.004
0.010
0.016

6-31+G(d,p)
0.448
0.000
0.132
0.019
0.008
0.474
0.258
1.022
0.278
0.009
0.079
0.064
0.355
0.047
2.452
0.011
0.017
0.055

6-31++G(d,p)
0.452
0.000
0.294
0.022
0.007
0.403
0.292
1.040
0.286
0.008
0.079
0.059
0.346
0.045
0.914
0.013
0.017
0.047

6-311G(d,p)

0.480
0.028
0.000
0.008
0.004
0.104
0.121
2.539
0.206
0.021
0.099
0.077
0.375
0.135
0.473
0.007
0.005
0.007

6-311+G(d,p)
0.436
0.000
3314
0.015
0.008
0.783
0.234
1.267
0273
0.843
0.081
0.053
0.357
0.045
0.636
0.022
0.294
0.012

6-311++G(d,p)
0.428
0.000
0.102
0.050
0.012
0.423
0.830
1.224
0.265
0.018
0.069
0.068
0.376
0.051
1.383
0.078
0.013
0.011

6-311++G(df,pd)
0.429
0.020
0.000
0.175
0.010
0.344
17.541
1475
0.316
0.000
0.004
0.072
0.370
0.078
0.379
0.005
0.025
0.351

Finally, Comb(20 45), Comb(25 39), Comb(22 39), and Over(33) were also considered being weakly

coupled to the azide asymmetric stretch due to TFR > 0.3. Moreover, Comb(24 40) and Comb(24 38) can

be also considered as FRs due to very weak coupling (TFR = 0.3). Figure 5 illustrates individual normal

modes that contribute to the FRs.

11

https://doi.org/10.26434/chemrxiv-2023-g1vvx ORCID: https://orcid.org/0000-0002-6131-3532 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-g1vvx
https://orcid.org/0000-0002-6131-3532
https://creativecommons.org/licenses/by-nc-nd/4.0/

Mode 38: sp? C-H in-plane, sp® C-H oop

9 /
Nf/

Mode 45: sp? C-H in-plane Mode 49: N, Asym stretch

Figure 5. Vibrational modes of combination or overtone bands that couple with azide asymmetric stretch
in 4-azidoacetanilide.

We now discuss the solvent effect of 4-azidoacetanilide absorption profile that has shown to

be complicated in NNDMA. Both harmonic and anharmonic spectra in THF are shown in Figure

12
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6 and vibrational modes occurring within +120 cm™ of the azide asymmetric stretch. Table 6
illustrates vibrational modes with high intensities in the harmonic spectrum. Anharmonic
vibrational spectra of azide adsorption profile with seven different basis sets are shown in Figure
6. Like in the NNDMA solvent, 4-azidoacetanilide has a very complex absorption profile for the
azide asymmetric stretch. As data in Figure 6 and Table 6 shown, the intensities of the vibrational

modes change drastically, though the azido stretch remains nearly the same.
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Figure 6. IR spectra of harmonic and anharmonic frequencies of 4-azidoacetanilide in THF obtained
from B3LYP/6-311+G(d,p) calculations.
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Table 6. Vibrational modes of 4-azidoacetanilide in THF using B3LYP/6-311+G(d,p)

VU (harmonic) ‘U(anharmonic) |(harmonic) |(anharm0nic) /
Mode Vibration
/cmt /cm? / km mol* km mol*

49 N, asymmetric stretch 2220.9 2174. 4 1693.0 795.2
48 C=0 stretch, C-H in plane 1690.8 1684.5 986.4 135.7
45 sp? C-H in-plane 1535.9 1487.9 434.7 21.1
40 sp® C-H oop 1399.1 1355.1 136.0 175

N_ Sym stretch + C-N stretch +
39 s . 1364.5 1312.7 140.6 93.1

ring vibrations + C-H in-plane

C-N stretch + ring vibrations +
38 1340.9 1294.1 631.9 112.6

C-H in-plane

37 sp? C-H in-plane 1332.0 1233.6 1935 478.1

Figure 7 presents the azide absorption profile of 4-azidoacetanilide in two solvents. The very
striking feature of the two IR spectra is the frequency of the unchanged position of azido
asymmetric stretch. Furthermore, much stronger coupling in NNDMA can be seen in Figure 7.
These resulted in solvent dependent IR profiles. This can be illustrated clearly with the comparison
to 4-azidotoulene in Figure 8. The extra peptide bond between the benzene ring and methyl group

seems to complicate the azide absorption profile.

14

https://doi.org/10.26434/chemrxiv-2023-g1vvx ORCID: https://orcid.org/0000-0002-6131-3532 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-g1vvx
https://orcid.org/0000-0002-6131-3532
https://creativecommons.org/licenses/by-nc-nd/4.0/

3000 —
F(49)
——6-311+G(d,pyNNDMA
500 | G 3114Gd,p)/ THF 7
2000 | _
E
- 1500 | -
z
5]
1000 |- _
500 | -
Comb(24 39)
Comb(22 39) Over(33)
0
2000 2050 2100 2150 2200 2250 2300

Frequency (cm™)

Figure 7. Vibrational spectra of 4-azidoacetanilide in NNDMA and THF obtained from B3LYP/6-
311+G(d,p) calculations.
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Figure 8. Vibrational spectra of 4-azidotoluene and 4-azidoacetanilide in NNDMA (top) and in THF
(bottom) obtained from B3LYP/6-311+G(d,p). IR Data for 4-azidotoluene was taken from ref. 5.
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We mention that results in THF using different basis set have similar impact as in NNDMA.
The complication of absorption profile of 4-azidoacetanilide makes the difference in the results
from different basis set larger. For example, 6-31+G(d,p) and 6-311G(d,p) basis sets have high
intensity for Comb(20 45) and Comb(24 40), separately. Furthermore, Com(22 41) and Comb(21
44) have high intensity for triple zeta basis sets which will be proven to be non FRs due to low
cubic force constant (~2 cm™) and longer Aw’ and Aw. Comb(15 48) has very high intensity (203
km/mol) in 6-311++G(df,pd) basis set while in other basis sets it is zero or less than 10 km/mol.
Finally, we note that the single bonds will facilitate a lot of dynamic changes and performing
dynamics studies'%-1° will be interesting to capture the dynamic aspects of the change and their
impact in the IR spectra. Finally, synthesis of the azido molecules will active areas of research,'!-

1%9such as C-H!8120.141 and C-C bond activations.*?3:125142

4. Conclusions

To explore the potential of 4-azidoacetanilde as IR probe in the studies of proteins, we
performed DFT calculations on the vibrations of 4-azidoacetanilde in the range of 2000-2300 cm’
! using N, N-dimethylacetamide (NNDMA) and tetrahydrofuran (THF) as solvents using
B3LYP with seven basis sets, 6-31G(d,p), 6-31+G(d,p), 6-31++G(d,p), 6-311G(d,p), 6-
311+G(d,p), 6-311++G(d,p), and 6-311++G(df,pd). The azido asymmetric stretch (mode 49) was
found to differ only by about 0.5 cm™ between NNDMA and less than 1 cm™ in THF. However,
the absorption profile differ greatly. The results show that there are 7 combination bands coupling
with the azide asymmetric stretch mode. In comparison, there are 4 combination bands coupling
with the azide asymmetric stretch mode of 4-azidotoulene.

The absorption profile of 4-azidoacetanilde is very solvent dependent. Specifically, stronger

couplings of vibrations of 4-azidoacetanilde are predicted in NNDMA and the intensity of the
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azide asymmetric stretch is substantially reduced. Interestingly, the frequency of the azide
asymmetric stretch of 4-azidoacetanilde in NNDMA is essentially the same as that of 4-
azidotoulene. The intensity of the azide asymmetric stretch of 4-azidoacetanilde in THF is slightly
increased with respect to that of 4-azidotoulene. Furthermore, the azide asymmetric stretch of 4-
azidoacetanilde in THF remains nearly the same but is blue shifted with respect to that of 4-
azidotoulene. This indicates that a more complex and sensitive absorption profile will be expected
when 4-azidoacetanilde is used as IR probe.

Finally, we point out that the strong couplings of various vibrational modes and the number of
vibrations involved in 4-azidoacetanilde made the DFT results are very dependent on basis set.
The magnitudes and the order of the cubic force constants among the vibrational modes vary
greatly. Although these variations make the predictions challenging, they offer great opportunities

to investigate the accuracy of basis sets in DFT calculations.
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