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ABSTRACT

The relaxed force constant (RFC), which is the iseeof the diagonal elements of the compliance imatan be
used as a measure of bond strength, as has rediyreeen suggested in ordinary research-basedditee
provided that the bonds make a part of the compbet®s set in valence internal coordinates. Her¢ire RFC
values for heterocyclic systems such as azaborimk diazaborine are reported including benzene al a®
borazine. The use of RFC as a bond strength pasmhets been reinvestigated. The nature of cherbigading in
these prototype systems are analyzed in depth bytgo theory of atoms in molecules (QTAIM). Thedbon
strengths calculated by QTAIM are in accordancéhwhite calculated RFC values. This study not onleats the
mixed ionic and covalent bonding in heterocycles ddso advocates the applicability of RFC as a bstr@ngth
parameter for a variety of systems.

Keywords: Relaxed force constant; bond strength; topologgeaameters; chemical bonding; ab initio calculagion

INTRODUCTION

The compliance constants (CCs) which are the imvefthe force constant matrix elements have nead bver the
regular (generalized) force constants were direbiedanany chemists [1-4]. Although it offers manywadtages
over regular force constants [1, 5-6], the use Gf&8 a bond strength parameter is not notably dingudue to the
fact that CC decreases in magnitude as the boedgilr increases and its unit is the reciprocahefunit of regular
force constant. As indicated by Wilsehal.[7] that the CC of a bond is a measure of bond stremgithwhen the
bonds form a part of the complete valence intecnaldinates (VICs) basis. The relaxed force constdRFCs) are
obtained by inverting the diagonal elements of @& matrix. RFC first introduced by Jones y@jo realized as a
“more chemical meaningful bond strength paramebemtregular (force) constant” [6]. Grunenberg [4sh
extensively studied the covalent bonds (bondedpas well as non-covalent bonds (non-bonded paird)showed
that RFC for bond stretching is a nice parametenfeasuring the bond order for a system.

The quantum theory of atoms in molecule (QTAIM) {&fines the chemical bonding and structure ofctiemical
system based on the topology of the electron denisitaddition to bonding, QTAIM allows the calctitan of
certain physical properties per atom basis, byditig space up into atomic volumes containing eyamtle nucleus
which acts as a local attractor of the electronsdgrp). QTAIM is a very powerful tool for the detectiand
characterization of non-bonded interaction sucthydrogen bonding [10-13]. In QTAIM, the values ainge
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topological parameters at bond critical point (B@etide the nature of the chemical interaction.s€hgarameters
are Laplacian of electron densitﬂ(zp), and ratio of eigenvalues of Hessidan|/4s|. According to the theory, for

covalent bondingsz < 0 andA,)/As|is greater than unity while ionic bonding is chaesized bysz >0 and

W1l23]less than unity. In the present investigation, egehcalculated RFC values for benzene, borazirg, an
azaborines. Benzene ;) and borazine (8N3Hg) are prototype six membered rings containing guocelvalent
and ionic bonds, respectively. On the contrarybaraes [14,15] are expected to show a differeritepa of
bonding due to the presence of B, C and N atomeeRly we have performed a systematic investigadiorthese
BCN rings [16]. Along with aromaticity and variowgher molecular properties, we have discussed dhedt
energy isomers for 1,2-azaborine (BIEs) and 1,2,3,4-diazaborine {8N,Hg). It seems interesting to analyze the
chemical bonding in these heterocycles.

MATERIALS AND METHODS

Computational Details

The systems considered in this studyH§; BsNsHg, BC,NHg and BC4N,Hg were optimized with MP2/aug-cc-
pVDZ level [17] as described in the previous stfitlj]. The RFC is a measure of the force requiredistort a
particular internal coordinate with all remainingtdérnal coordinates are allowed to relax to a (nevnimum
energy configuration [6]. The standard normal cowte analysis (NCA) is performed for all theseteys by
using all complete VIC (bonds, bond angles, outhaf plane and torsional angles). Due to more dmution of
bonds in VIC basis, we were interested in detenmgithe RFCs for all bonds involved in the systeor. électronic
structure calculations, Gaussian 09 package [23 wsed and the RFCs were calculated through sthrid@A
method by using a locally developed computer pnogibased on UMAT([28] software. In order to performA)M
analysis, the generated wavefunction for the systsmnalyzed via AIMAII program [18].

RESULTS AND DISCUSSION

In most of the systems, because of redundancigkeinVIC, the number of VIC are commonly more thae t
number of vibrational degrees of freedom (3N-5/3fo6linear/non-linear systems with N number ofrag). Due

to these redundancies, usually in bond angles @sthal angles, there is no unique way to seteetiond angles
and/or torsional angles as part of the VIC basisimAple example is Bfin which three bond angles are dealt in
several ways in the literature [19-23]. Similayghteen bond angles in benzene are dealt in \ani@ys [24-26].

In practice, NCA is done in terms of non-redundsyrmmetric or local coordinates. Therefore, in ortieform
complete VIC (bonds + angles + out of plane + toral angles), we have made suitable 3N-6 linearbaations

of local coordinates. Now the local coordinatessttiormed are converted into symmetric coordinates the
normal mode analysis is done in these symmetricdioates to find normal mode frequencies.
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Benzene Borazine

B

B

Azaborine Diazaborine

Fig. 1. Atomic numbering scheme for equilibrium stuctures of benzene, borazine, azaborine and diazatioe.
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Table 1. Bond Characteristics Parameters for §Hs at MP2/aug-cc-pVDZ level

Bonds Length Freq. RFC P O 2 P sl 0
C1-C2 1407 1381 6.7504 0.2954 -0.6981 1.562 1.16¢
C2-C3 1.407 1381 6.7504 0.29540.6981 1.562 1.164
C3-C4 1.407 1381 6.7504 0.2954 0.6981 1.562 1.164
C4-C5 1.407 1381 6.7504 0.2954 0.6981 1.562 1.164
C5-C6 1.407 1381 6.7504 0.2954 0.6981 1.562 1.164
C6-C1 1.407 1381 6.7504 0.2954 -0.6981 1.562 1.16¢
Cl-H7 1.094 3210 5.6450 0.2730 -0.9970 1.893 0.857
C2-H8 1.094 3210 5.64500.2730 -0.9970 1.893 0.857
C3-H9 1.094 3210 5.6450 0.27300.9970 1.893 0.857
C4-H10 1.094 3210 5.6450 0.2730 0.9970 1.893 0.857
C5-H11 1.094 3210 5.6450 0.27300.9970 1.893 0.857
C6-H12 1.094 3210 5.6450 0.2730 -0.9970 1.893 0.857

Bond-length (ind), stretching frequency (in ¢h RFC value (imndyn/A) and topological parameters (in a.u.)

Table 2. Bond Characteristics Parameters for BNsHg at MP2/aug-cc-pVDZ level

Bond Length Freq. F®R P DZ,O Ral/a| 0
B7-N11 1.440 1212 5.3387 0.1869 0.6860 M. 0.44]
N11-B9 1.440 1212 5.3387 0.1869 0.6860 ®.: 0.44]
B9-N12 1.440 1212 5.3387 0.18696860 0.290 0.441
N12-B8 1.440 1212 5.3387 0.18696860 0.290 0.441
B8-N10 1.440 1212 5.3387 0.18696860 0.290 0.441
N10-B7 1.440 1212 5.3387 0.18696860 0.290 0.441
B7-H5 1.202 2646 3.8110 0.172-0.1404 0.676 0.45¢
N11-H6 1.013 3640 7.3402 0.3300-0.1487 0.13C 0.71€
B9-H1 1.202 2646 3.8110 0.17201404 0.676 0.455
N12-H2 1.013 3640 7.3401 0.3300 4871 0.130 0.716
B8-H3 1.202 2646 3.8110 0.17201404 0.676 0.455
N10-H4 1.013 3640 7.3402 0.3300 4871 0.130 0.716

Bond-length (ind), stretching frequency (in ¢ RFC value (iimndyn/A) and topological parameters (in a.u.)

Fig. 1 depicts the atomic labeling of the equililoni structures. Table 1 and 2 lists the bond-lengtbamal mode
stretching frequencies, RFC values as well as tgpohl parameters for 8s and BN3zHg, respectively. The
calculated RFC value for C-C bonds igHg is 6.7504 mdyn/A (1.407 A) whereas 5.6450 mdyni®94 A) for C-

H bonds. One can see that for all C-C and C-I—prmzp < 0 and Ay)/As| > 1. Therefore, all these bonds are

purely covalent in nature. The QTAIM calculated 8aorders §) for C-C and C-H bonds are 1.164 and 0.857,
respectively (see Table 1). InsHe, however, the situation is slightly different (SE&ble 2). One can notice that

00 > 0 and/ul/is| < 1 for B-N bonds bufl®p < 0 and/|/s| > 1 for B-H and N-H bonds. Hence, all B-N bonds

in the ring are purely ionic which can be expeadled to large electrongativity difference betweeari8l N atoms.
On the contrary, all B-H and N-H bonds are of cewalcharacter. The RFC values for B-N, B-H, and Ndhds
are calculated 5.3387, 3.8110 and 7.3402 mdyn/Aredsethe calculated values are 0.441, 0.455 and 0.716,
respectively.

Table 3. Bond Characteristics Parameters for BNHs at MP2/aug-cc-pVDZ level

Bond Length Freq. RF p D2,0 balliel 6

B7-N8 1.444 1188 5.1334 0.17598162 0.2551 0.462
N8-C10 1.373 1328 6.7197 0.3039 7B18 2.0757 0.982
C10-C12 1.383 1462 7.5652 0.3091 -16751.6964 1.228
Cl12-Cl11 1.428 1311 6.0816 0.2852 -0.6702 1952R086
C11-C9 1.394 1422 7.1486 0.30C-0.7078 1.5812 1.3

C9-B7 1.522 1176 4.6810 0.1878 0.0982 T044.513
B7-H3 1.202 2648 3.8153 0.169011@3 0.6474 0.483
N8-H4 1.016 3601 7.1865 0.3325 256 1.2959 0.691
C10-H5 1.092 3224 5.6940 0.2766 3210 1.9608 0.836
C12-H6 1.092 3233 5.7284 0.2729 999 1.9115 0.857
Cl1l1-H1 1.097 3178 5.5333 0.2725 -0.9905 19865852
C9-H2 1.095 3199 5.6074 0.2700 -0.9671 (085.883
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Bond-length (ind), stretching frequency (in ¢hh RFC value (imndyn/A) and topological parameters (in a.u.)

Table 4. Bond Characteristics Parameters for BC,N,Hg at MP2/aug-cc-pVDZ level

Bond Length Freq. QRF p sz Palls| &

N7-B9 1.434 1232 5.5162 0.19067004 0.2832 0.461
B9-N10 1.437 1216 5.3697 0.1843 0.7680 M@2@B460
N1C-C11 1.387 1284 6.2834 0.296-0.8842 21986 0.94

C11-C12 1.376 1494 7.8925 0.3105 5877 1.7383 1.349
C12-B8 1.536 1142 4.4153 0.1832 6840 0.4818 0.474
B8-N7 1445 1196 5.1975 0.18127265 0.2819 0.441
B9-H2 1.200 2660 3.8508 0.17211361 0.6620 0.466
N10-H3 1.013 3641 7.3447 0.3331 225 1.2975 0.696
C11-H4 1.095 3192 5.5832 0.276-1.0291 1.9332 0.8

C12-H5 1.093 3223 5.6937 0.2694 -0.9594 1085m884
B8-H6 1.204 2632 3.7687 0.16971308 0.6796 0.468
N7-H1 1.015 3615 7.2400 0.3299 899 1.2959 0.713

Bond-length (ird), stretching frequency (in ¢ RFC value (imndyn/A) and topological parameters (in a.u.)

Table 3 and 4 lists the RFC values as well as tapchl parameters for azaborines, JBiEls and BC,N,Hg,
respectively. As displayed in Fig. 1, BHs, ring system has three C-C covalent bonds andamme B-N bond. In
the B.C,N,Hg ring, on the contrary, there is only one C-C cemailbond while three ionic B-N bonds. Therefore, it
seems interesting to compare the strengths of ypomialent and ionic bonds of azaborines with thaiskbenzene
and borazine. Furthermore, it provides an opporyutd analyze other bonds in these heterocycle§s ligst

discuss the nature of chemical bonding insBB8s. From Table 3, one can note that for all C-C borﬂgp <0
and }4|/A5| > 1 andsz > 0 and/|/43| < 1 for B-N bond. Therefore, all C-C bonds areatent and B-N is ionic as

mentioned earliersz and }4|/15| values further suggest that N-C bond in the igngovalent but C-B is found to

be ionic in nature. In BMIH, ring, the RFC value for C10-C12 and C11-C9 bosda 5652 mdyn/A (1.383 A) and
7.1486 mdyn/A (1.394 A) respectively which is mugkater than the RFC value of C12-C11 bond (6.08d@gn/A
with bond length 1.428A) in the same ring while ménan the RFC value of C-C bond (6.7504 mdyn/Akiond
length 1.407A) in @Hg (see Table 1)Therefore, these C-C bonds in the BiEl; ring are much stronger than those
in CgHg. This fact is also consistent with our calculabedhd order of C10-C12 (1.228) and C11-C9 (1.303ckwh
are larger than those of C-C bonds yHE(1.164). The RFC value for B-N bond in B@Hg is 5.1334 mdyn/A
(1.444 A) which is slightly smaller than (~ 0.2jtlof B-N bond in BNsHg (see Table 2) and therefore, B-N bond of
BC4NHg is only slightly weaker than that of;B;He. However,d value of B7-N8 bond othe BC;NHg ring is
slightly larger than (~ 0.2) that of B-N bond inNBHg which suggests the stronger nature of B-N bonthe
former. The RFC values for N8-C10 and C9-B7 bondscalculated 6.7197 and 4.6810 mdyn/A witkalue of
0.982 and 0.513 respectively. Furthermore, the RREG o values of C12-H16 and C12-H6 bonds in ;BiElg
suggest its strength comparable to C-H bondsghy QMoreover, N8-H4 and B7-H3 bonds are found to llghtdy
stronger and weaker than those yiNBHs, respectively.

The RFC values and topological parameters of th@&NBHs ring are collected in Table 4. Like Bi€H; the
B,C,;N,Hg ring also contains purely covalent C-C bond, puiehic B-N bonds, partially covalent N-C bond and
partially ionic C-B bondThe RFC value 7.8925 mdyn/A with bond length 1.87®r C-C bond in BC,N,H; ring
clearly shows that this C-C bond is much strongantthe C-C bond in benzene ring and slightly gteorthan the
C-C bond in BGNHg ring. The calculated bond order of C11-C12 bon849) also supports this fact (see Table 4).
In the BC,N,Hg ring, there are three B-N bonds, first B9-N10 bevidch is adjacent to C10-N11 bond, the second
B8-N7 bond which is adjacent to C12-B8 bond andtltirel B7-N9 bond which is between two B-N bonds B8
and B9-N10 bond as clearly shown in Fig. 1. The RB{ies calculated for B9-N10, B7-N9 and B8-N7 made
5.3697 mdyn/A (1.437 A), 5.5162 mdyn/A (1.434 AYda5.1975 mdyn/A (1.445 A) respectively. These value
suggest that the B9-N10 bond is slightly weakantthe B7-N9 bond while slightly stronger than B&N7 bond.
Furthermore, B9-N10 and B7-N9 bonds are moderatebnger than the B-N bond ins/8;Hg but B8-N7 bond is
somewhat weaker. The calculated bond orders of B9{9.460) and B7-N9 (0.461) are also greater thase B-N
bonds BN3H; (0.441) in accordance with their RFC valu€ke calculated RFG(values) for N-C and C-B bonds
in B,C,N,Hg are 6.2834 mdyn/A (0.948) and 4.4153 mdyn/A (0)4Vdspectively. These values are smaller than
RFC ando values of corresponding bonds in Bt ring system (see Table 3). Therefore, both N-C a&xB
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bonds in diazaborine are slightly lower in strenthn those in azaborine. The larger N-C and C4ddengths in
B,C,N,Hg are in accordance with their bond stren@the strengths of C-H, B-H and N-H bonds also varg tb
change in the proportion of electropositive B, &lemeutral C and electronegative N atoms in azalesriwhich
affect the charge transfer within these heterocyitig systems and hence their bond strengths.

CONCLUSION

Using normal coordinate analysis, we have calcdldte relaxed force constant (RFC) values for alence
internal coordinate basis in six-membered ringsnt by B, C and N atoms at MP2/aug-cc-pVDZ methdde
RFC values suggest that the C-C bond in th€,B,Hs ring (which has only one covalent C-C bond) is muc
stronger than the C-C bond in benzene ring( hasirdC-C covalent bonds) but stronger than thahan BGNHg
ring (having three C-C covalent bonds). The B-C @il bond in the BgNHg ring are observed stronger than that
in the BC,N,Hg ring. The B-N bond is observed weaker in theBEs ring in comparison to both,B,N,Hg and
borazine ring. In addition, to this, the detailéddy of chemical bonding in above -tested systeass dlso been
performed well with the aid of quantum theory afras in molecules (QTAIM). The calculated RFC valfmsthe
systems are consistent with QTAIM calculated borttbty. Therefore, the use of RFC as a bond strengthmtes

is also recommended for heterocyclic systems. Hteara of chemical bonding in benzene, borazinesaadborines

has been analyzed by QTAIM analysis in whiEﬁp and };|/13 descriptors show that all C-C and C-H bonds are

pure covalent bonds in benzene, ,BB8¢ and BC,N,Hg rings. All B-N bonds in the borazine, B8Hg and
B,C,N,Hg rings are pure ionic bonds and all B-H, N-H bonds@ure covalent bonds while all N-C and C-B bonds
are found as partially covalent and partially iomaspectively in BENHg and BC,N,Hgrings.
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APPENDIX
It should be noted that coordinates are giveA.in

Benzene (§Hg)

Cartesian Coordinates

1 C 0.00000000 1.40795800 OOOODO
2 C 1.21932740 0.70397900 000OOMO
3 C 1.21932740 -0.70397900 O0DOODO
4 C 0.00000000 -1.40795800 O0DO@O
5 C -1.21932740 -0.70397900 O0DODO
6 C -1.21932740 0.70397900 00DOODO
7 H 0.00000000 2.50216700 OO
8 H 2.16694019 1.25108350 O0WODO
9 H 2.16694019 -1.25108350 OCIAWO
10 H 0.00000000 -2.50216700 OCD@®MO
11 H -2.16694019 -1.25108350 0CDIDO
12 H -2.16694019 1.25108350 O0D@®MO
Borazine (BNsHe)
Cartesian Coordinates
1 H 0.00000000 -2.66552100 OCWAWO
2 H 2.10581600 -1.21579400 OC@WO
3 H 2.30840890 1.33276050 O0DOOMO
4 H 0.00000049 2.43158715 OO
5 H -2.30840890 1.33276050 O0I@WO
6 H -2.10581649 -1.21579315 00I@WDO
7 B -1.26718700 0.73161100 OQmu®mO
8 B 1.26718721 0.73161063 O0DOD®O
9 B -0.00000021 -1.46322163 OODU®DO
10 N 0.00000000 1.41762800 OODOD®O
11 N -1.22770186 -0.70881400 OCDIWO
12 N 1.22770186 -0.70881400 O0DD®O
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Azaborine (BEQNHg)
Cartesian Coordinates

1 H -2.11837500 -1.24915800 OOmm®O
2 H -2.28817600 1.32305600 O0I@®O
3 H 0.04459200 2.36601700 OO
4 H 2.10340300 1.32929200 O0WODO
5 H 2.29465900 -1.12184800 OCI@WO
6 H -0.05795600 -2.71578200 OGmIDO
7 N -1.23369200 -0.75022900 OGmDDO
8 B -0.00566900 -1.51203700 OCDm®DO
9 B -1.27189100 0.68363900 OUWDDO
10 N 0.00000000 1.35353900 OOODOOO
11 C 1.21633300 0.68600700 (00000
12 C 1.29125000 -0.68813300 (00OOOO
Diazaborine (BC,N,Hg)
Cartesian Coordinates
1 H -0.02483400 -2.52346600 OOWW®DO
2 H 2.16431100 -1.40125700 OC@WO
3 H 2.26856100 1.45966400 O0WOODO
4 H -0.08154100 2.38600200 O(mum®mO
5 H -2.11079800 1.27339900 OCI@®O
6 H -2.15922500 -1.21703200 OGmIDO
7 B 1.30119500 0.74459200 OOD@®O
8 N 0.00000000 1.37285700 OO
9 C 1.26388900 -0.77764100 O0DOODO
10 C -1.18957500 0.68546800 000000
11 C 0.02987700 -1.42775400 (O0DOOO
12 C  -1.19793200 -0.69845000 O0DOO®O
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