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ABSTRACT

A comparative study of structure, energies and spectral analysis of Succinimide, N-hydroxy-succinimide (NHS) and
N-methyl-succinimide (NMS) has been carried out using density functional method (DFT/B3LYP) with 6-
311++G(d,p) as basis set. To determine lowest-energy molecular conformation of NHS and NMS molecule, the
selected torsion angle is varied and molecular energy profile is calculated. The molecular electrostatic potential
surface, electric dipole moment, polarizability and the first hyperpolarizability values of Succinimide, NHS and
NMS have been calculated at the same level of theory and basis set. The thermodynamic properties of the studied
compounds at different temperatures were also calculated.

Keywords: Vibrational analysis, HOMO-LUMO and MESP.

INTRODUCTION

Succinimide and its N-substituted derivatives agmiicant structural units in many important conupals [1,2]
including plant growth stimulators [3], additivear flubricating oils [4], corrosion inhibitors [5kychoanaleptic
agents [6], drugs for memory enhancement [7], amiitr representatives such as epipodophyllotoxirtagige
[8,9]. N-hydroxy-succinimide (NHS) and its acylatddrivatives are useful reagents for the synthekiseptides
and antibiotics. NHS is also used for the prepanatif active esters and as an additive to suppeegsnisation in
peptide coupling [10]. NHS can selectively deliaar attached moiety to mild nucleophilic speciesifanacids,
amines and thiols) under relatively mild reacticonditions. Thescaffold may then be used as a Hasishe
separation and subsequent detection of the nudledph].

The present communication deals with the comprehensomparative study of the structural, electroaid
vibrational properties of Succinimide, N-Hydroxyesinimide (NHS) and N-Methyl-succinimide (NMS) dte
their biological and medical importance. The swpetand harmonic wave numbers were determined aalyzed
at the density functional theory (DFT) level empiaythe basis set 6-311++G(d,p). The optimized geonof all
the three molecules and their molecular propestieh as equilibrium energy, frontier orbital eneggyp, molecular
electrostatic potential (MESP) energy map, dipotenmant, polarizability and first static hyperpolatility were
calculated and discussed. A complete vibrationallysis of the molecules were performed by combiniing
experimental IR spectroscopic data and the quachemical calculations. DFT based calculations mteviot only
the qualitative but also the quantitative undeditagn of energy distribution of each vibrational recgh the basis of
potential energy distribution (PED)[12-14]. The rinedynamic properties of the studied compoundsiférdnt
temperatures were also calculated.
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COMPUTATIONAL AND EXPERIMENTAL DETAILS

The molecular structure optimization of the threenpounds and corresponding vibrational harmonicenambers
were calculated using DFT with Becke-3-Lee-YangrRBBLYP) functional[15,16] with 6-311++G(d,p) bassets
using GAUSSIANO9W [17] program package. Initial gestry for succinimide, N-hydroxy-succinimide (NH&)d
N-methyl-succinimide (NMS) were generated from dtd geometrical parameters [18]. As Succinimide mha
flexible side chain, conformational search is remuired as such for it. The structure of later tweyevobtained with
the help of potential energy surface scan at B3l&tRel, adopting the standard 6-31G(d) basis set geometry
was then re-optimized at B3LYP level, using basis &311++G (d,p).The optimized geometrical paranset
rotational constants, fundamental vibrational wawebers, IR intensity, molecular orbitals and other
thermodynamic parameters were also calculated.

The experimental FT-IR spectrum of the SuccinimidelS and NMS were obtained from NIST website [I9).
calculate analytically the dipole momep),(mean polarizability &>, anisotropy of the polarizabilityA@), and the
total first static hyperpolarizabilityB}[20,21], finite field approach was used and B3L&BL1++G(d,p) basis set
was employed. The total dipole momenimean polarizability &>, the anisotropy of the polarizabilitya, and the
total first static hyperpolarizability3 and are given in terms of X, y, z components bg ftbllowing

equationg = (44 + g + p1;)"*

<a> = 1/3 o + ayy + 0],
Ad = 21/2[(axx' ayy)z + (ny' axx)z + 60(2)()( + &xzxy + &XZyZ'Il/Z

The total intrinsic hyperpolarizabilifrora [22] is define ag;ory = (87 + B + B7)Y?

Where, Bx =Bxxx+ Bxyy+ szz; By=Byyy+ Byzz+ Byxx; BZ=BZZZ+ Bzxx"' Bzyy

The components of Gaussian output are reported iniatonits and, therefore the calculated values areerted
into e.s.u. unitsa(; 1 a.u. = 0.1482 x 1¥e.s.u.B; 1 a.u. = 8.3693 x 1Fe.s.u.)

RESULTSAND DISCUSSION

3.1.Potential Energy Scan and Molecular Geometry:

Conformational search is not required in the cdsBuzcinimide as it contains no side chain withxifiée dihedral
angles. PES scan has been performed for NHS and hiE&cules at B3LYP/6-31G(d) level of theory ané ar
shown in Fig. 1 and Fig. 2

The dihedral angle C3-N9-O12-H13 and C4-N9-C12-Hi8 relevant coordinates for conformational fleliipi
within NHS and NMS molecules respectively. Thedeedrals determine the orientation of hydroxyl / imyegroup
with respect to the Succinimide ring. In case of ]\Hll the geometrical parameters were simultarigaetaxed
while dihedral angle C3-N9-012-H13 was varied #psof 10ranging from -18Q0 +180
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Fig 1 The potential energy curves of NHS along the C3-N9-012-H13 dihedral
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Fig 2 The potential energy curves of NMS along the C4-N9-C12-H13 dihedral

Similarly, dihedral angle C4-N9-C12-H13 was variadstep of 10ranging from -90to +90for NMS. For C3-N9-
012-H13 rotation, three true local minima in PESNtHS were determined at -180 and +180Q all having equal
energy at -435.82043 Hartree. Whereas, for C4-N2-G13 rotation, three true local minima of NMS were
determined at -600and +60with same energy value at -399.98299 Hartreeicire corresponding to the minima
at the potential energy scan has been used atattieg point for optimization of structure at thigher level of the
basis set.
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The final optimized molecular geometry at B3LYP/Bt3+G(d,p) of Succinimide, NHS and NMS are givelrig.
3. The optimized geometric parameters are giverainie 1.

The bond lengths C1-C4 and C2-C3 are found shtréer C1-C2 in all the three molecules. This shanggiof the
bond lengths may be due to the electronegative &xyagom attached at C3 and C4 atoms.

Table 1:Optimized Geometric Parametersfor Succinimide, N-Hydroxy-succinimide and N-M ethyl-succinimide
computed at B3LYP/6-311++G(d,p)

Succinimide N-Hydr oxy-succinimide N-M ethyl-succinimide
Parameter Calculated Parameter Calculated Parameter Calculated
Bond Length (A% Bond Length (A% Bond Length (A%
C1-C2 1.538 C2-H8 1.092 C3-010 1.208
C1-C4 1.526 C3-N9 1.380 C4-N9 1.393
C1-H5 1.092 C3-011 1.203 C4-011 1.208
C1-H6 1.092 C4-N9 1.395 N9-C12 1.456
C2-C3 1.526 C4-010 1.201 C12-H13 1.091
C2-H7 1.092 N9-012 1.374 C12-H14 1.089
C2-H8 1.092 012-H13 0.977 C12-H15 1.091
C3-N10 1.392 Bond Angle (in degree) Bond Angle (in degree)
C3-012 1.206 C2-C1-C4 106.3 C2-C1-C4 105.1
C4-N10 1.392 C2-C1-H5 113.1 C2-C1-H5 113.6
C4-011 1.206 C2-C1-H6 1131 C2-C1-H6 113.6
H9-N10 1.012 C4-C1-H5 108.4 C4-C1-H5 108.6
Bond Angle (in degree) C4-C1-H6 108.4 C4-C1-H6 108.6
C2-C1-C4 105.4 H5-C1-H6 107.4 H5-C1-H6 107.1
C2-C1-H5 1135 C1-C2-C3 105.0 C1-C2-C3 105.3
C2-C1-H6 113.6 C1-C2-H7 113.3 C1-C2-H7 113.6
C4-C1-H5 108.5 C1-C2-H8 113.3 C1-C2-H8 113.6
C4-C1-H6 108.5 C3-C2-H7 108.9 C3-C2-H7 108.5
H5-C1-H6 107.1 C3-C2-H8 108.9 C3-C2-H8 108.6
C1-C2-C3 105.4 H7-C2-H8 107.3 H7-C2-H8 107.1
C1-C2-H7 113.6 C2-C3-N9 106.9 C2-C3-N9 107.8
C1-C2-H8 113.6 C2-C3-011 130.7 C2-C3-010 127.3
C3-C2-H7 108.5 N9-C3-011 122.3 N9-C3-010 124.8
C3-C2-H8 108.5 C1-C4-N9 105.1 C1-C4-N9 108.0
H7-C2-H8 107.1 C1-C4-010 128.9 C1-C4-011 127.6
C2-C3-N10 107.0 N9-C4-010 126.0 N9-C4-011 124.3
C2-C3-012 127.9 C3-N9-C4 116.7 C3-N9-C4 113.7
N10-C3-012 125.2 C3-N9-012 120.6 C3-N9-C12 123.6
C1-C4-N10 107.0 C4-N9-012 122.7 C4-N9-C12 122.7
C1-C4-011 127.9 N9-012-H13 102.4 N9-C12-H13 110.1
N10-C4-011 125.2 Dihedral Angle (in degree) N9-C12-H14 107.7
C3-N10-C4 115.2 C4-C1-C2-C3 0.0 N9-C12-H15 110.1
C3-N10-H9 122.4 C4-C1-C2-H7 -118.7 H13-C12-H14 210.
C4-N10-H9 122.4 C4-C1-C2-H8 118.7 H13-C12-H15 108.7
Dihedral Angle (in degree) H5-C1-C2-C3 118.8 H14-C12-H15 110.2
C4-C1-C2-C3 0.0 H5-C1-C2-H7 0.1 Dihedral Angle (in degree)
C4-C1-C2-H7 -118.7 H5-C1-C2-H8 -122.5 C4-C1-C2-C3 .
C4-C1-C2-H8 118.6 H6-C1-C2-C3 -118.8 C4-C1-C2-H7 185
H5-C1-C2-C3 118.6 H6-C1-C2-H7 122.5 C4-C1-C2-H8 .818
H5-C1-C2-H7 0.0 H6-C1-C2-H8 -0.1 H5-C1-C2-C3 118.8
H5-C1-C2-H8 -122.7 C2-C1-C4-N9 0.0 H5-C1-C2-H7 0.2
H6-C1-C2-C3 -118.7 C2-C1-C4-010 180.0 H5-C1-C2-H8 122-6
H6-C1-C2-H7 122.6 H5-C1-C4-N9 -121.9 H6-C1-C2-C3 1856
H6-C1-C2-H8 0.0 H5-C1-C4-010 58.1 H6-C1-C2-H7 122.9
C2-C1-C4-N10 0.0 H6-C1-C4-N9 121.9 H6-C1-C2-H8 0.2
C2-C1-C4-011 -180.0 H6-C1-C4-010 -58.1 C2-C1-C4-N9 -0.1
H5-C1-C4-N10 -122.0 C1-C2-C3-N9 0.0 C2-C1-C4-011 9.97
H5-C1-C4-011 58.0 C1-C2-C3-011 180.0 H5-C1-C4-N9 22-0
H6-C1-C4-N10 122.0 H7-C2-C3-N9 121.6 H5-C1-C4-011 8.05
H6-C1-C4-011 -58.0 H7-C2-C3-011 -58.4 H6-C1-C4-N9 218
C1-C2-C3-N10 0.0 H8-C2-C3-N9 -121.7 H6-C1-C4-0O11 8.25
C1-C2-C3-012 -180.0 H8-C2-C3-011 58.3 C1-C2-C3-N9 0.1-
H7-C2-C3-N10 122.0 C2-C3-N9-C4 0.0 C1-C2-C3-010 979
H7-C2-C3-012 -58.0 C2-C3-N9-012 -180.0 H7-C2-C3-N9 121.8
H8-C2-C3-N10 -122.0 011-C3-N9-C4 180.0 H7-C2-C3-010 -58.1
H8-C2-C3-012 58.0 011-C3-N9-012 0.0 H8-C2-C3-N9 212
C2-C3-N10-C4 0.0 C1-C4-N9-C3 0.0 H8-C2-C3-010 57.9
C2-C3-N10-H9 180.0 C1-C4-N9-012 180.0 C2-C3-N9-C4 00
012-C3-N10-C4 180.0 010-C4-N9-C3 -180.0 C2-C3-N2C1 -180.0
012-C3-N10-H9 0.0 010-C4-N9-012 0.0 010-C3-N9-C4 80-0
C1-C4-N10-C3 0.0 C3-N9-012-H13 0.0 010-C3-N9-C12 0 0.
C1-C4-N10-H9 180.0 C4-N9-012-H13 -180.0 C1-C4-N9-C3 0.0
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011-C4-N10-C3 180.0 N-M ethyl-Succinimide C1-C4-N9-C12 -180.0
011-C4-N10-H9 0.0 Parameter Calculated 011-C4-N9-C3 -180.0
N-Hydr oxy-Succinimide Bond Length (A% 011-C4-N9-C12 0.0
Par ameter Calculated ci-c2 1.535 C3-N9-C12-H13 -120.0
Bond Length (A°) C1-C4 1.523 C3-N9-C12-H14 0.1
c1-c2 1.543 C1-H5 1.092 C3-N9-C12-H15 120.3
C1-C4 1.527 C1-H6 1.092 C4-N9-C12-H13 60.0
C1-H5 1.091 C2-C3 1.523 C4-N9-C12-H14 -179.9
C1-H6 1.091 C2-H7 1.092 C4-N9-C12-H15 -59.7
C2-C3 1.515 C2-H8 1.092
C2-H7 1.092 C3-N9 1.395
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Fig 3. Theoretical optimized possible geometric structure with atoms numbering of Succinmmide,
INHS and WMS calculated at B3LYP/6-311++G(d p) level of theory.
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Fig. 4. Patterns of the principle hishest occupied and lowest unoccupied molecular orbitals of
Succirimide, NHS and NMS obtained with TD-DET/B3LYP/6-311++G(d.p) method.

The calculated C=0 bond lengths in all the thredemdes vary from 1.201-1.208/4nd are close to standard
values 1.220A[23,24]. The C-H bond lengths remained between1A%&ind 1.092 A in all three molecules under
investigation. The calculated bond lengths are dodgagreement with those reported in [1]. The iate€-C-C
angles in Succinimide and the two derivatives amyn 105.0 - 105.4 except the one C2-C1-C4 (109.5h NHS.
The calculated values of C-N-C angle in NMS (1%8afe found shorter than Succinimide and NHS wisiod
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115.2 and 116.7respectively. In NHS, the angle O11-C3-N9 (12pi8found to be smaller than angle O10-C4-N9
(126.0) which shows a strong possibility of hydrogen biagdbetween the partially negative oxygen atom ©OfL.1
the carbonyl group and the hydrogen atom H13 ofxtHegroup attached to nitrogen N9.

3.2 Electronic Properties

The most important orbitals in a molecule are ttentfer molecular orbitals, called highest occupimdlecular
orbital (HOMO) and lowest unoccupied molecular tabfLUMO). These orbitals determine the way howlenale
interacts with other species. The frontier orbgi@b helps to characterize the chemical reactivity kinetic stability
of the molecule. A molecule with a small frontiebibal gap is more polarizable and is generallyoaeiged with a
high chemical reactivity and low kinetic stabilgg termed as soft molecule [25].

The 3D plots of frontier molecular orbitals showrFig. 4 predict that HOMO is covers the entire moleculeegt
methyl group (in NMS) and two GHyroups in NHS. The LUMO in all the three casegehmore anti-bonding
character. The lower value of the frontier orbgab in NHS (6.28124 eV) than Succinimide (6.496é44 and
NMS (6.53285 eV) clearly shows that NHS is moreapahble and chemically reactive than both its piare
molecule Succinimideand NMS.

The MESP, which is a plot of electrostatic potdntisapped onto the constant electron density surfafce
Succinimide, NHS and NMS are showrFiig. 5. The molecular electrostatic potential surfacekerdear that even
when the two molecules are structurally very similghis similarity does not carry over into their
electrophiliégnucleophilic reactivities. The resulting molecuklectrostatic potential surface mapped in terms of
colour grading and is very useful tool in investiga of correlation between molecular structure ahd
physiochemical property relationship of moleculesluding biomolecules and drudg26-33. The variation in
electrostatic potential produced by a moleculaigédly responsible for the binding of a drug toréseptor binding
sites, as the binding site in general is expeatelatve opposite areas of electrostatic potential MIESP map, in
case of Succinimide, NHS and NMS clearly suggess & large potential swings towards the two C=@ugs
(dark red) from Chlgroup (blue). The region around oxygen atoms ctflehe most electronegative region and has
excess negative charge, whereas the twg dtblips bear the brunt of positive charge (bluea®giThe MESP of
NHS reveals larger electron rich area due to amuhfi hydroxy group as compared to its parent mddecu
Succinimide and NMS.

Mast Negative Petantial

-5.12e-2

+5.12e-2
Mawi Pavivive Peieniin]l Sy eineedle MN-Hydroxy-Succinimide N-Methul-Succmmmide

Fig 3 : The MESP Surface of Succinimide, NHS and NMS

3.3 Electric moments

The dipole moment in a molecule is an importantpprty that is mainly used to study the intermolacul
interactions involving the non-bonded type dipoigete interactions, because higher the dipole mapwtronger
will be the intermolecular interactions. The caédat value of dipole moment in case of NHS is fotmmbe almost
2.27 times higher than that of the NMS and 1.64srigher than that of parent molecule Succininfickble 2).
The lower frontier orbital energy gap and high dgpmoment for NHS shows its higher activity andsésstability
as compared to Succinimide and NMS.
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Table2: Polarizability data and hyperpolarizability data for Succinimide, NHM and NM S

B3LYP/6-311++G(d,p)

Components Succinimide N-Hydroxy-succinimide  N-Methyl-succiriae

Dipole Moment

()] 22211 D 3.6449 D 1.6039 D
Polarizability (a)

Olxx 76.932 82.571 85.724

Oyy 58.039 69.071 75.536

Oy, 38.853 41.186 48.508

<a> 8.5869 x 1Ge.s.u. 9.5257 x 1¥e.s.u 10.3625 x 1¥e.s.u
Hyper polarizability (B)

Brox -1.4834 -80.4053 -24.2773

By 30.7814 -0.0008 -0.0271

By 32.7351 92.7204 -19.4235

By -117.7550 163.6410 -152.1101

By -2.0287 0.0040 0.2509

Buyz 20.4557 0.0016 0.0001

Byz -20.6531 33.0832 -6.7455

Bz -23.6013 0.0014 -0.0138

Byz 0.9238 0.7654 -12.9586

Bz 0.1176 41.6361 -12.1304

BrotaL 0.7472 x 1G%.s.u. 1.5149 x 18e.s.u. 1.4378 x 18e.s.u.

The determination of electric polarizability andpleypolarizability is of fundamental importance tmdy the
phenomenon induced by intermolecular interactisimulation studies and nonlinear optical effeatsthle absence
of experimental data, the values of polarizabilid hyperpolarizability calculated at the samelle¥eheory and
the same basis set for the title molecules, canigeoa satisfactory comparison of these quantifid®e mean
polarizability of NMS (10.3625 x 1Itfe.s.u.) is found to be higher than that of Succidér(8.5869 x 18%.s.u.)
and NHS (9.5257 x 1tfe.s.u.). Urea is one of the prototypical moleculesd in the study of the Non linear optical
properties of molecular systems. Therefore, itssdufrequently as a threshold value for comparativposes. All
the three molecules under investigation (SuccingiNtHS/NMS) has larg@rora. vValue (0.7472/1.5149/1.4378 x
10%%e.s.u) than urea (almost 3.84/7.78/7.38 times erehan urea), that indicates, they are good catetdfor
NLO material.

3.4 Thermo dynamical Properties

The values of some thermodynamic parameter (suaeraspoint vibrational energy, thermal energy,c#je heat
capacity, rotational constant and entropy) at stechdemperature (298.15 K) for Succinimide, NHS adS
molecules computed at DFT/B3LYP with 6-311G++(dymthods are listed ihable 3. On the basis of vibrational

analysis, the standard statistical thermodynamictfans : heat capacity -t;;’,m), entropy 5;5'1), and enthalpy

change AH,’i) for the Succinimide, NHS and NMS molecules weld#amed from the theoretical harmonic
frequencies and listed ihable 4.

Table 3: Thecalculated thermo dynamical parametersof Succinimide, NHSand NM Sat 298.15K in ground state

B3LYP/6-311++G(d,p)

Basis Set Succinimide N-Hydroxy-succinimide  N-Methyl-succiride

SCF energy (a.u.) -360.7794 -435.9608 -400.1022

E omo (e.V.) -7.58308 -7.64938 -7.49096

E Lumo (€.V.) -1.08664 -1.36814 -0.95811

E Lumo-romo (e.V.) 6.49644 6.28124 6.53285

Zero point energy (kcal md) 57.51037 59.67621 74.8866

Rotational Constants (GHz) 5.91626 3.20566 3.09283
2.25578 2.25041 2.23509
1.66658 1.34413 1.32949

Specific heat (¢) (cal mol*K™) 21.351 25.834 26.827

Entropy (S) (cal maoiK™) 78.220 84.230 88.065

Dipole moment (Debye) 2.2211 3.6449 1.6039
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Table 4: Thermodynamic properties at different temperaturesat the B3LYP/6-311++G(d,p) level for Succinimide, NHSand NMS

Heat Capacity () Entropy (Sy) Enthalpy (Hn)

T (K) — N-Hydroxy-  N-Methyl- — N-Hydroxy-  N-Methyl- R N-Hydroxy-  N-Methyl-

Succinimide Succinimide Succinimide Succinimide Succinimide Succinimide Succinimide Succinimide Succinimide
100 9.631 11.654 13.116 60.918 63.025 65.816 0.971 1.034 1.163
200 14.686 18.739 19.459 70.336 74.628 78.155 2.359 2.748 2.979
298.15 21.351 25.834 26.827 78.22 84.23 88.065 94.31 5.132 5.44
400 28.027 32.709 34.623 86.031 93.387 97.635 7.042 8.323 8.776
500 33.605 38.472 41.453 93.348 101.769 106.558 3320. 12.089 12.787
600 38.151 43.192 47.196 100.253 109.577 115.001 1264 16.379 17.427
700 41.846 47.037 51.964 106.728 116.84 122.952 3318. 21.096 22.591

FromTable 4, it can be observed that these thermodynamic ifumetare increasing with temperature ranging from
100 to 700K due to the fact that the molecular afilbnal intensities increase with temperature [8B,3he
correlation equations among heat capacities, eiesppnthalpy change and temperatures were fitgegiuladratic,
linear and quadratic formulas. The corresponditiingj equations, fitting factors @R for these thermodynamic
properties and the correlation graphics of Sucdia@nNHS and NMS are shown kig. 6.

All the thermodynamic data supplied are helpfulbimfation for further study of Succinimide, NHS aNR¥S.
These can be used to compute the other thermodgremergies according to the relationships of thelynamic
functions and estimate directions of chemical lieastaccording to the second law of thermodynanmiahermo
chemical field [35]. It is important to mention kethat all thermodynamic calculations were dongas phase and

they could not be used in solution.
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Fig 6 - The temperature dependence correlation graph of heat capacity, entropy, and enthalpy for

Succinimide. NHS and NMS.

3.5 Vibrational Analysis

DFT based calculations provide not only the quilita but also the quantitative understanding of reyne
distribution of each vibrational mode on the badipotential energy distribution (PED) and leadato additional
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interpretation of the vibrational spectroscopicadas demonstrated in studies conducted by varimigg [36-39].
For normal coordinate analysis of Succinimide, Nkl NMS, the complete set of 41, 45 and 56 stanidéedhal
coordinates have been defined respectivEgble 5).[45,46] were used.

Enperimental
H-methyinaccanmede

Infrared Spectnuom

\ .l
Fig 7 Experimental FT-IR. specira of Succinimide, WHS and INMS

Using these internal coordinates, a non redundanfs30, 33, 39 (i.e. 3n-6) local symmetry cooatas [ able 6)

are constructed on the basis of recommendationthefG. Fogarasi et al [40-41] . The theoreticalrational
assignment of the title compounds using percenpagential energy distribution (PED) have been duiité the
MOLVIB program (version V7.0-G77) written by T. Sdins [42-44].In general, DFT harmonic treatments
overestimate the observed vibrational wavenumbenrsng to neglecting of anharmonic corrections and
incompleteness of basis set. In this work, we red@pted the scaling approach to offset the systeragbrs, an
empirical uniform scaling factor of 0.983 up to D7€m" and 0.958 for greater than 1700 trThe experimental
and computed vibrational wavenumbers, their IR ngitées and the detailed description of normal nsodé
vibration of title compounds Succinimide, NHS anii8lin terms of their contribution to the potentglergy are
given inTable 7, 8 and 9 respectively. The experimental and theoreticaspectrum of title molecules are shown
in Fig. 7 and 8 respectively. For complete vibrational analysislbthe three title molecules, the vibrational rasd
are discussed hereunder five heads: (i} @Hrations (iii) CH vibrations (iii) C=0 stretch(iv) OH vibrations (v)
Ring vibrations.
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Fig 8 - Theoreticallv simulated vibrational spectra of Succinimide, INMS and NHS

3.5.1 CH, vibrations
All the three molecules (Succinimide, NHS and NM@)der investigation possess two methylene groupshwh

accounts for two stretching and four bending normadles. The four bending vibrations of methylensugrfound

in the IR spectrum are GHcissoring/rocking/wagging and twisting. The £dymmetric stretching vibrations are
generally observed in the region 3000-2900 cmvhile the CH symmetric stretch appears between 2900 and 2800
cmi* [47,48]. In the present work, GHisymmetric stretching vibrations are observed9d923037 and 2980 ¢m
(FTIR) in Succinimide, NHS and NMS molecules redpely. The calculated asymmetric gHtretching
vibrations of the two methylene groups in SuccidigdlNHS/NMS are found at (2986,
2971)/(2988,2973)/(2984,2969) ¢nby B3LYP method respectively with more than 97%tdbution to PED.
Similarly, the calculated symmetric GH stretching vibrations of the methylene groups aat
(2946,2939)/(2947,2940)/(2945, 2938) tnespectively. No bands could be assigned tg tinmetric stretching
vibrations in the experimental FT-IR spectra of afithe title molecules.

The general order for GHieformation are Chfscis)> CH(wag)> CH(twist)> CH,(rock). The two methylene
scissoring modes in Succinimide/NHS/NMS are catedaat (1454,1434)/ (1456,1435)/(1456,1436) ‘cm
respectively with more than 80% contribution to PEIhese vibrations are well supported by the twadsa
observed at 1462/1454 &6 TIR) in Succinimide/NHS molecules respectivelyo the theoretical calculations,
the CH wagging modes are predicted at (1225, 1149)/(12%%)/(1293,1255) cthas a mixed mode with C-C
stretch for Succinimide/NHS/NMS. It shows a goodrelation with the FTIR bands at 1155, 1310 trfor
Succinimide/NHS respectively. In NHS and NMS, {iisting vibrational modes are found as pure modes
(1222,1148) / (1225,1148) chwhereas in Succinimide, they are found as a mimede with CHwagging modes

at 1225 and 1149 ¢
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Table 5: Definition of Internal Coordinates of Succinimide, N-Hydroxy-Succinimide (NHS), N-Methyl-Succinimide (NMS)

No. Symbol Type Definitions No. Symbol Type Definitions
Succinimide N-Hydr oxy-Succinimide
Sreching Out-of-Plane Bending
1-3 1 c-C C1-C2, C2-C3, C4-C1 36 w  O-C-N-C  010-C4-N9-C1
4-5 1 C-N C3-N10, C4-N10 37 w  O-C-C-N 011-C3-C2-N9
6-7 1 c-0 C3-012, C4-011 38 w  O-N-C-C  012-N9-C3-C4
8 n N-H N10-H9 ?18_ Y«  C-N-O-H C3-N9-O12-H13, C4-N9-012-H13
9-12 1 C-H C1-H5, C1-H6, C2-H7, C2-H8 Torsion/ Twisting
In-Plane Bending 41 Ti C-C-C-C cC4-C1-c2-Cc3
13- 42- T C-C-C-N  C1-C2-C3-N9, C2-C3-N9-C4,
14 4 CCcCo clezes cacle 45 C3-N9-C4-C1, N9-C4-C1-C2
15-
17 qQ C-C-N C1-C4-N10, C2-C3-N10, C3-N10-C4 N-Methyl-Succinimide
18-
19 q H-C-H H5-C1-H6, H7-C2-H8 Streching
20- q; C-C-H C4-C1-H5, C4-C1-H6, C2-C1-H5, C2-
21 C1-He, 1-3 i CC C1-C2, C2-C3, C4-C1
C3-C2-H7, C3-C2-H8, C1-C2-H7, C1- ' ' '
C2-H8
gg' q C-C-0 C1-C4-011, C2-C3-012 4-6 i r CN C3-N9, C4-N9, C12-N9
gg' q N-C-O N10-C4-011, N10-C3-012 7-8 ir CO C3-010, C4-011
32- a C-N-H C3-N10-H9, C4-N10-H9 9-12 ir CH C1-H5, C1-H6, C2-H7, C2-H8
33 L (CHy)
13- C-H
Out-of-Plane Bending 15 ri (CHy) C12-H13, C12-H14, C12-H15
34 Vi O-C-N-C  011-C4-N10-C1 In-Plane Bending
35 Vi O-C-C-N  012-C3-C2-N10 i? a  C-C-C C1-C2-C3, C4-C1-C2
36 Vi H-N-C-C  H9-N10-C3-C4 ig' a C-C-N C1-C4-N9, C2-C3-N9
20-
Torsion Twisting 29 a,  C-N-C C3-N9-C4, C4-N9-C12, C3-N9-C12
37 T C-C-C-C  C4-C1-C2-C3 3431 a C-C-O C1-C4-011, C2-C3-010
38- T C-C-C-N 25- a  C-C-H C4-C1-H5, C4-C1-H6, C2-C1-H5, C2-C1-
41 C1-C2-C3-N10, C2-C3-N10-C4, 32 H6,
C3-N10-C4-C1, N10-C4-C1-C2 C3-C2-H7, C3-C2-H8, C1-C2-H7, C1-C2-
H8
33- a; H-C-H H5-C1-H6, H7-C2-H8
N-Hydr oxy-Succinimide 34 ] !
35- « H-C-H H13-C12-H14, H14-C12-H15, H15-C12-
Sreching 37 l H13
1-3 1 c-C C1-C2, C2-C3, C4-C1 gg' q N-C-O N9-C4-011, N9-C3-010
4-5 1 C-N C3-N9, C4-N9 ig' qQ N-C-H N9-C12-H13, N9-C12-H14, N9-C12-H15
6-7 4 Cc-0 C3-011, C4-010 Out-of-Plane Bending
8 r N-O N9-012 43 w  O-C-N-C  011-C4-N9-C1
9 r O-H 012-H13 44 w  O-C-C-N  010-C3-C2-N9
ig' ri C-H C1-H5, C1-H6, C2-H7, C2-H8 45 Y« C-N-C-C  C12-N9-C3-C4
In-Plane Bending Torsion/ Twisting
ig' q c-c-C C1-C2-C3, C4-C1-C2 46 T C-C-C-C  C4-C1-C2-C3
16- a; C-C-H C4-C1-H5, C4-C1-H6, C2-C1-H5, C2-| 47- T C-C-C-N  C1-C2-C3-N9, C2-C3-N9-C4,
23 C1-Hs, 50 C3-N9-C4-C1, N9-C4-C1-C2
C3-C2-H7, C3-C2-H8, C1-C2-H7, C1-
C2-H8
24- 51- T C-N-C-H  C4-N9-C12-H13, C4-N9-C12-H14,
25 @  HCH  H5-CI-H6, H7-C2-H8 56 C4-N9-C12-H15,C3-N9-C12-H13,
gg' a C-C-N C1-C4-N9, C2-C3-N9, C3-N9-C4 C3-N9-C12-H14, C3-N9-C12-H15
gg' q C-C-0 C1-C4-010, C2-C3-011
oy @  N-C-O  N9-C4-010, N9-C3-011
gi' q C-N-O C3-N9-012, C4-N9-012
35 q N-O-H N9-O12-H13
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Table6: Definition of local symmetry coor dinates of Succinimide, N-Hydr oxy-Succinimide (NHS) and N-Methyl-Succinimide

(NMS)
No. Symbol Definitions No. Symbol Definitions
Succinimide N-Hydr oxy-Succinimide
1-3 \)(C-C) f, Iy, I3 24 twist (CH)(CZ) Olpc - O21- Opot0oz
4-5 \)(C-N) Iy, Is 25 dR Oi5+a @14"' Gze) +b ((127+ ng)
6-7 \)(C-O) e, 7 26 R (a—b) (114-(125) + (l—a) (127-(123)
8 v(N-H) I'g 27 B(O'H) Q3
9 V¢(CH2)(C1) fo+ Ic 28-29 y(C-0O) Ve, Ya7
10 Va(CH;)(C1) fo- I'c 30 y (N-O) Yas
11 \)S(CHz)(CZ) ra+ rz 31 T C-N-O-H Va9 +Yag
12 Vag(CHz)(CZ) f1- Iz 32 TR b(T41 + T45) + a( Ta + T44) +Tys
13-14 B(C-O) QO3g - O2g O - U3 33 TR (a—bXT44— T42)+(1—aX Tas- T41)
15 B(N-H) O3z - O3z N-M ethyl-Succinimide
16 Sis. (CH)(C].) O1g- 014 1-3 V(C'C) I, Iz, I3
17 P(CH,)(C1) Olpz - O3+ Ol - Ol2g 4-6 v(C-N) Iy, Is,l6
18 Wag.(CH)(C1) Olp2H023- Oac-Oz1 7-8 v(C-0) [
19 twist (CI—L)(Cl) O22-0l23- Ooct02 9 \)S(CHz)(Cl) ot I'¢
20 Sis. (CH)(CZ) Q19 - Aoz 10 \)ag(CHz)(Cl) Io- I'c
21 p(CHz)(CZ) O2g - 025+ Oog - Q27 11 \)S(CHz)(CZ) fat Iy
22 Wag.(CH)(C2) Ol24+025- Ol2¢ - Oz 12 Va(CH,)(C2) f1- T2
23 twist (CH)(C2) Olog - Ol25- Ologt+Olo7 13 V«(CHs) Izt Mg+ e
24 dR O14+ & Q13+ O15) + b Q16+ O17) 14 Va(CHs) l1a- M4- T
25 R (a—b) 013-(115) + (l—a) (116'(117) 15 vagl(CH3) l4- I'cg
26-27  y(C-O) Yaar Yae 16 Sis. (CH)(C1) o - Oy
28 y (N-H) Va6 17 P(CH,)(C1) 027 - Olog+ Olpc - Ol2¢
29 TR D(Ta7 + Tar) +a( Tag + Tao) + Tao 18 Wag.(CH)(C1)  02+028- Ops-0Olze
30 TR (a'bXTm’ T38)+(1‘ax Ta1- Ta7) 19 twist (C H)(Cl) Ol27-O g~ Olos+0 ¢
N-Hydr oxy-Succinimide 20 Sis. (CH)(C2) Ol3q - O1¢
1-3 \)(C-C) f, Iy, I3 21 p(CHz)(CZ) Olpc - O3p+ Ol3g - O3z
4-5 \)(C-N) Iy, Is 22 Wag(CH)(CZ) Olpct030- O31-0l3;
6-7 \)(C-O) e, 7 23 twist (CH)(CZ) Ol2c-030- O31H03;
8 V(N-O) I 24 SR Q17+ @ @16+ Olze) + b @19+ O2)
9 v(O-H) c] 25 &R (a-b) @16-011e) + (1-8) (r10-0t20)
10 VE(CHz)(Cl) ot s 26-27 B(C'O) Ol3g - Olp4 O3e - Oz
11 \)ag(CHz)(Cl) Iig- 1 28 B(N-C) Oz - 021
12 V{(CH,)(C2) fiot Iz 29 8{(CHy) O3z + Olgg + 037 - Olag - Olgg - Olaz
13 \)as(C Hz)(CZ) 1o~ 12 30 6a5(CH3) 2 Ol3c - Olzg - Ol37
14-15 B(C'O) Q31 - Opg O3c - U3z 31 635'(CH3) Olz¢ - O37
16 B(N'O) O33- 034 32 p(CH3) 2 Ola1 - Olgz - Olyc
17 Sis. (CH)(C1) Oq - Ol1e 33 p' (CHs) Olgz - Olac
18 P(CHy)(C1) Ol1g - Q19+ Ola6 - 017 34-35 y(C-O) Yaz, Yaa
19 Wag(CH)(Cl) O1g+019- Oge-017 36 \ (N-C) Vas
20 twist (C H)(Cl) O1g-019- O1et017 37 T(CH3) Tsa+ Tss+ Tse- Tsg- Tsp- Tss
21 Sis. (CH)(C2) Olzs - Ol1g 38 ™R D(Tss + Tso) + a( Taz + Tao) + Tas
22 pP(CH2)(C2) Olpg - 021+ Oz - Olaz 39 TR (a-b)Tas- Taz)+(1-a) Tso- Tas)
23 Wag.(CH)(C2) Opgt0ip1- Oz - Op:

a= cos 14% ;

3.5.2 CHyvibrations

b =cos 72

The N-methyl-succinimide (NMS) holds a ggroup substituted for the H atom attached with khatom in the
succinimide ring. For assignments of £gtoup frequencies, one can expect that nine fuedgahvibrations can be
associated to CHgroup.The asymmetric stretch is usually at highavenumber than the symmetric stretch. The
asymmetric C-H vibration for methyl group is usyaitcur in the region between 2975 and 2920'¢49-51] and
the symmetric C-H vibrations for methyl group isually occur in the region of 2870-2840 ¢min the present
work, asymmetric Chistretching vibrations are observed at 3021 an® 298" and will complemented with a band
observed at 2980 chin FTIR. The CHsymmetric stretching mode is calculated at 2925 esia pure mode with
more than 95% contribution to PED. The asymmeitnid symmetric deformation vibrations of methyl gr@ppear
in the region 1465-1440 chrand 1390-1370 cif52]. The modes calculated at 1483 and 1465 ane assigned to
CHs; symmetric deformation vibrations with more than 76&ftribution to PED in NMS. No bands which coukd b
assigned to Clisymmetric deformation vibrations were registeredhia experimental FTIR spectrum of NMS
molecule. The methyl rocking mode vibration usualbpears within the region of 1070-1010'd88-56]. The out-
of-plane CH rocking mode is theoretically calculated using BB6-311++G(d,p) at 1130 chmwith 80%
contribution to PED.
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3.5.3 C=0 vibrations

The appearance of a strong band in IR spectra ketd@90-1810 cthshow the presence of carbonyl group in the
molecule and is due to the C=0 stretch [57]. Tlegdency of the stretch due to carbonyl group maielyends on
the bond strength which in turn depends upon indeictonjugative, field and steric effects. As Ustiae modes
calculated at higher wavenumber (1769/1771/1759)@nd the one at lower wavenumber (1725/1692/168% c
have been identified as the symmetric and asymoestretching modes of two C=O groups for
Succinimide/NHS/NMS respectively. The electron witwing nitrogen atom attached to carbonyl groupdases
the strength of the C=0 bonds causing the vibrationoccur at a relatively higher value. For tlgason, strong
bands appear in FTIR of Succinimide/NHS/NMS at ¥7885/1702 cm assigned to C=0 stretch vibrations. The
bands calculated at 557,531/565,552/570,565 dmcase of Succinimide/NHS/NMS respectively, identified as
C=0 out-of-plane bending modes and are supportevigak intensity band in FTIR at 556 tifior NMS.

Table 7 : Theoretical and Experimental wavenumbersin cm™ of Succinimide

Calculated Experimental
S N Wavenumbers Wavenumber IR _ Assignm'ent'of QOminant modes in order of decreagotgntial
Unscaled Scaled FTIR Intensity  energy distribution (PED)
in cm* in cm* in cm*
1 3603 3452 3456 61.89  V(N10-H9) (93)
2 3117 2986 2979 4.84  va(CHy)(C1) (50) +va(CH,) (C2)(50)
3 3101 2971 0.00 VaCH,)(C1) (50) +va(CH,) (C2)(50)
4 3075 2946 0.64  V(CH,)(C1) (48) +u{(CH,) (C2)(48)
5 3068 2939 12.90  v¢(CH,)(C1) (49) +v4(CH,) (C2)(49)
3 R (34) +v(C3-012) (15) w(C4-011) (15) +& R (11) +v(C-C)
6 1847 1769 75.42  (10)
&' R (59) +v(C4-011) (10) w(C3-012) (10) w(C-C) (8) w(C3-
7 1801 1725 1735 954.20 N10) (8)
8 1479 1454 1462 17.88 Sis. (§HC1) (40) + Sis. (Ch) (C2) (40) +v(C-C) (8)
9 1459 1434 0.05 Sis. (GHC1) (46) + Sis. (Ch) (C2) (46)
10 1372 1349 1358 48.21  v(C3-N10) (39) +& R (30) +3 (N10-H9) (22)
11 1344 1321 1326 109.04 & R (61) +v(C3-N10) (19) +(C-C) (7)
v(C-C) (40) + &' R (26) + Wag. (ChH (C1) (13) + Wag. (ChH (C2)
12 1313 1290 21.82 (13)
V(C-C) (43) +3 R (13) +&' R (12) +v(C3-N10) (9) +v(C4-N10)
13 1259 1238 1242 51.47 (7)
14 1246 1225 0.00 Wag. (GHC2) (48) + twist (CH) (C1) (48)
15 1169 1149 2.70 v(C3-N10) (53) ¥(C-C) (33) +v(C4-N10) (6)
16 1168 1149 1155 215.39 Wag. (KC2) (43) + twist (CH) (C1) (43)
p (CHy) (C2) (36) +p (CH,) (C1) (36) +y (C4-011) (10) +y (C3-
17 1026 1008 0.00 012) (10)
18 1007 990 3.36 v(C-C) (64) +6' R (17) +0 R (15)
19 904 889 875 22.90 & R (63) +v(C-C) (22) +v(C3-N10) (11)
20 843 828 590  Vv(C-C) (69) +3 R (14) +3& R (10) +v(C3-N10) (6)
p (CHy) (C2) (22) +p (CHy) (C1) (22) +y (C4-011) (12) # (C3-
21 828 814 830 012)(12))
22 678 667 112,55 y(N10-H9) (81) +1' R (7) +y (C4-0O11) (5) # (C3-012) (5)
23 638 628 626 38.36 & R (72) +v(C-C) (21)
24 630 619 551 3R (51) +3 R (33) +v(C3-N10) (9)
y (C3-012) (35) 4y (C4-011) (35) 4p (CHy) (C2) (10) +p (CH,)
25 567 557 0.00  (C1)(10)
26 541 532 5.44 &' R (54) +v(C-C) (30) +B (C4-011) (7) 4 (C3-012) (7)
27 540 531 558  y(C4-011) (23) 4 (C3-012) (23) ' R (18) +p (CHy) (C1) (15)
28 391 384 22.68 & R (63) +V(C3-N10) (11) +(C-C) (5)
29 134 132 8.89 T' R (60) +y (N10-H9) (39)
30 80 79 0.00 T R (60) +1' R (20) +p (CH,) (C2) (8) +p (CH,) (C1) (8)

v —=>dtretching,” Vs —>symmetric stretching ;  vas —>asymmetric stretching ; p— rocking ; 0 —>deformation ; S —=in-plane bending ; y— out-
of-plane bending ; Ss —>scissoring ; Wag. —>wagging; twist —>twigting; 7 —>Torsion; R = Ring

3.5.4 OH vibrations

The title molecule, N-hydroxy-succinimide (NHS) #isl a hydroxy group substituted at the N atom in the
Succinimide ring. The OH stretching vibrations gemerally observed in the region around 3200-3680. dhe
characteristic peak calculated at 3481*ampure O-H stretching vibration and contributé®% to the P.E.D. The
band observed at 1495 ¢rin FTIR is assigned to OH in-plane bending vilmatin NHS while corresponding band
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calculated theoretically by B3LYP/6-311++G(d,p) @avenumber 1487 ¢t The OH twisting mode is calculated
at 337 crit and contributes 82% to the total P.E.D.

Table8: Theoretical and Experimental wavenumbersin cm™ of N-Hydr oxy-succinimide

Calculated Experimental
S. Wavenumbers Wavenumber IR Assignment of dominant modes in order of decreagotgntial energy distribution
No.  Unscaled Scaled FTIR Intensity  (PED)
in cm* in cm* in cm*
1 3634 3481 85.03 v (012-H13) (100)
2 3119 2988 3037 3.53  Vva(CH,)(C1) (66) +va(CH,) (C2)(34)
3 3103 2973 0.08  va(CHy) (C2)(65) +va(CHy)(C1) (34)
4 3076 2947 2.03  v¢(CH,) (C1)(74) +v{(CH,) (C2)(22)
5 3069 2940 10.81 v¢(CH,) (C2)(76) +v{(CH,) (C1)(23)
6 1849 1771 1777 145.30 &' R (26) +0 R (24) +v(C4-010) (23) w(C-C) (16) +v(C3-011) (5)
7 1767 1692 1685 816.24 &' R (48) +v(C3-011) (20) #(C3-N9) (10) +v(C-C) (8) +v(C4-010) (5)
8 1513 1487 1495 133.88 [((012-H13) (54) +(C3-N9) (18) +v(C4-N9) (10) +d R (9)
9 1481 1456 1454 19.85 Sis. (§KIC2) (38) + Sis. (Ch) (C1) (34) +v(C-C) (8) +d R (7) +v(C3-N9) (7)
10 1460 1435 3.86 Sis. (HC1) (45) + Sis. (Ch) (C2) (38) +0' R (8) +v(C3-N9) (5)
11 1415 1391 1408 25.90 &' R (59) +v(C3-N9) (26)
12 1318 1296 1310 5.65 &' R (40) +v(C-C) (33) + Wag. (CK(C2) (13) + Wag. (CH(C1) (12)
13 1277 1255 155 v(C-C) (43) +dR (19) + Wag. (CH(C1) (14) + Wag. (CH)(C2) (12)
14 1243 1222 0.00 twist (GHC1) (50) + twist (CH)(C2) (46)
15 1205 1184 1202 289.09 Vv(C3-N9) (63) +(C-C) (14) +v(C4-N9) (10)
16 1168 1148 1.60 twist (GHIC2) (45) + twist (CH)(C1) (41)
17 1085 1067 1073 79.37 v(C-C) (69) +v(N9-012) (9) +0' R (7)
18 1041 1023 1039 48.92 &' R (50) +v(C-C) (38)
19 1022 1004 0.10 p (CHy)(C1) (36) +p (CH,)(C2) (36) +y(C3-011) (10) #(C4-010) (9) vt R (6)
20 999 982 992 7.45 v(C-C)(61) +0' R (20) +d R (16)
21 824 810 819 11.32  p (CHy)(C1) (25) +p (CHy)(C2) (24) +T' R (12) +y(C3-011) (11) #(C4-010) (10)
22 708 696 9.50 Vv(C-C) (67) +v(C3-N9) (22)
23 669 657 668 70.80 Vv(C3-N9) (55) +v(C4-N9) (17) +3(C4-010) (8) #3(C3-011) (5)
24 598 588 0.33 OR (48)+d R (43)
25 575 565 9.50 y(C3-011) (61) #p (CH)(C2) (16) +1' R (8) +y(N9-012) (7)
26 567 557 0.80 & R (59) +v(C-C) (33)
27 561 552 4.15 y(C4-010) (44) ' R (24) +p (CH,)(C1) (13) +y(N9-012) (13)
28 359 353 18.52 & R (67) +v(C3-N9) (9) +d R (6)
29 343 337 115.04 1 CN-OH (82) +y(C3-011) (9)
30 277 272 11.75 B(N9-012) (39) +' R (31) +B(C3-011) (7) w(C3-N9) (6) +B(C4-010) (5)
31 227 223 0.04  y(N9-0O12) (85) +1' R (8)
32 104 102 1.73  y(N9-0O12) (42) +1' R (36) +T R (15)
33 90 88 1.89 1 R (58) +1 R (24) +y(N9-012) (13)

v —>stretching, Vs —> symmetric stretching ;. V.s —>asymmetric stretching ; o —>rocking ; 6 —>deformation ; S —>in-plane bending; y—>out-of-plane
bending ; Ss —>scissoring ; Wag. —>wagging; twist —>twisting; 7= Torsion; R = Ring

3.5.5 Ring vibrations

The ring spectral region for Succinimide, NHS andl®I predominantly involves C-C, C-N stretching, aniily
deformation and tortional vibrational modes. Thenidfication of C—N vibrations is a very difficutask sincemixing
of several bands is possible in this region. Ingtesent study, computed wavenumbers for the Gdiching modes
are found as mixed mode with C-N stretching modds (5290,1238,990,828)/(1255,1067,696)/(1255,
1105,1052,993) cthfor Succinimide/NHS/NMS and correspond to the eixpentally observed bands in FTIR at
1242/1073/1103cthrespectively. The FTIR bands observed at 1358/12®% cn have been assigned to C-N
stretching vibrations for Succinimide/NHS/NMS art tpredicted values of these vibrations are 13481277
cm’ respectively. The torsional modes appear below 3E8I570 crit in case of Succinimide/NHS/NMS
respectively.
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Table 9: Theoretical and Experimental wavenumbersin cm™ of N-M ethyl-succinimide

Calculated Experimental
Wavenumbers Wavenumber IR Assignment of dominant modes in order of decreagotgntial
S.No Unscaled Scaled FTIR Intensity  energy distribution (PED)
in cm* in cm* in cm*
1 3154 3021 0.45  va' (CHy) (73) +Vva (CHs) (24)
2 3117 2986 2980 12.23  va (CHs) (74) +va (CHs) (25)
3 3115 2984 5.69  va (CHy) (C1) (50) +va (CHy) (C2)(50)
4 3099 2969 0.00  va (CHy) (C2)(50) +va (CH) (C1) (49)
5 3074 2945 1.76  v¢ (CHy) (C1) (50) +v. (CHy) (C2) (48)
6 3067 2938 13.75 v (CH,) (C2) (50) +v: (CHy) (C1) (49)
7 3053 2925 22.36  v:(CHs) (97)
8 1836 1759 1768 32.76 3R (25) +v(C3-010) (24) w(C4-011) (24) ©' R (10) +v(C-C) (7)
9 1769 1695 1702 864.26 & R (49) +v(C4-011) (18) w(C3-010) (17) +(C-C) (5)
10 1509 1483 18.19 8, (CHs) (56) +3. (CHa) (18) +p (CHs) (13)
11 1491 1465 11.53 8 (CHs) (68) +8a (CHg) (22) +p' (CHa) (13)
12 1482 1456 5.68 Sis. (GHC1) (44) + Sis. (Ch) (C2) (40) +v(C-C) (6)
13 1461 1436 3.82 Sis. (QHC2)(47) + Sis. (Ch) (C1) (37) +d' R (6)
14 1457 1432 1430 79.53 &' R (42) +d. (CHs) (26) + v(C4-N9) (11) +d R (6)
15 1400 1376 1372 142.93 & R (50) +v(C4-N9) (14) +3; (CHs) (8) +V(N9-C12) (7) +O R (6)
d' R (36) + Wag. (Ch) (C1) (20) + Wag. (CbJ (C2) (19) +v(C-C)
16 1315 1293 2.53 (20)
17 1299 1277 1285 144.81 v(C4-N9) (47) +0' R (20) +v(C3-N9) (10) +p (CHs) (9)
v(C-C) (35) + Wag. (Ch) (C2) (21) + Wag. (CH (C1) (20) +0 R
18 1277 1255 13.74 (11)
19 1246 1225 0.01 twist (GH(C2) (48) + twist (CH) (C1) (47)
20 1168 1148 1155 0.89 twist (HC1) (41) + twist (CH) (C2) (39)
21 1150 1130 0.89  p'(CHg) (80) +8 (CHs) (6)
v(C-C) (36) +v(C4-N9) (20) +0' R (12) +p (CHs) (8) +v(C3-N9)
22 1124 1105 1103 139.79 (6)
23 1070 1052 17.42  v(C-C) (73) +v(N9-C12) (18)
p (CHy) (C1) (35) +p (CH) (C2) (35) +y(C3-010) (10) +y(C4-
24 1027 1009 0.00 011) (10)
25 1010 993 6.20 V(C-C) (65) +3 R (18) +d R (11)
26 955 939 942 25.85 &' R (60) +v(C-C) (9) +v(C4-N9) (9) +p (CHs) (6)
p (CH) (C2) (21) +p (CHy) (C1) (21) +T R (13) +y(C3-010) (12) +
27 831 817 805 9.90 y(C4-011) (12)
28 707 695 0.26  V(C-C) (60) +v(C4-N9) (22) +(N9-C12) (8) +v(C3-N9) (5)
v(C4-N9) (34) +' R (14) +6 R (14) +v(C3-N9) (10) H3(C3-010)
29 676 665 652 54.21 (8) +B(C4-011) (7)
30 595 585 5.27 OR (56) +&' R (31)
y(C4-011) (36) #t R (20) +p (CHy) (C1) (17) +y(N9-C12) (11) +
31 580 570 3.85  y(C3-010) (7)
32 574 565 556 0.46  y(C3-010) (52) 4 (CH,) (C2) (17) +y(C4-011) (13) 1 R (7)
33 564 554 0.22 3 R (64) +v(C-C) (22) +B(C3-010) (5) +3(C4-011) (5)
d' R (57) +d R (10) +B(C3-010) (9) #3(C4-011) (7) +w(N9-C4)
34 385 378 24.45 (7)
35 281 276 5.01 B(N9-C12) (44) ' R (38) +3(C4-011) (6)
36 218 214 1.19 Y(N9-C12) (78) tt R (14)
37 120 118 16.32 1R (82) +y(N9-C12) (14)
38 87 86 0.00 T R (64) +T R (20) +p (CHy) (C2) (6) +p (CH,) (C1) (6)
39 41 41 0.00 T (CHs) (60) +p' (CHs) (23) +8a (CHy) (11)

v —>stretching, Vs —>symmetric stretching ,  Vas —>asymmetric stretching ; p —>rocking ; d —>deformation ; £ —>in-plane bending; y—>out-
of-plane bending ; Ss —>scissoring ; Wag. —>wagging; twist —>twigting; 7= Torsion; R —> Ring

CONCLUSION

The comprehensive investigation of the ground stttectural, spectral and electronic propertieSaécinimide, N-
hydroxy-succinimide (NHS) and N-methyl-succinimi@é¢MS) have been performed using B3LYP/6-311++G)(d,p
level of theory. The complete vibrational assignmand analysis of the fundamental modes of allttiree title
molecules were carried out using theoretical argesmental FTIR spectral data.The frontier orbagakrgy gap,
dipole moment, MESP surface and first static hyplmizability of Succinimide, NHS and NMS were also
calculated.The lower value of the frontier orbgab in NHS (6.28124 eV) than Succinimide (6.496¥%and NMS
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(6.53285 eV) clearly shows that NHS is more polbie and chemically reactive than its parent mdécu
Succinimide and NMS. The MESP map shows the neggibtential sites are on oxygen atoms as well as th
positive potential sites are around the hydrogemat The thermodynamic properties of the studiedpmunds at
different temperatures were also calculated.
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