9354 J. Phys. Chem. R001,105,9354-9365

Transferability and Physicochemical Interpretation of Canonical Force Fields in Redundant
Internal Coordinates: Pyridazine and 3,6-Dichloropyridazine
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The behavior of various force fields for pyridazine and 3,6-dichloropyridazine coming from different origins
(i.e., HF/6-31G*, MP2/6-311G**, BLYP/6-31G*, B3LYP/6-31G* previously scaled) and empirical force fields
transferred from the benzene molecule is investigated. These potentials are subjected to a linear least-squares
refinement with the available experimental information considered as observed data. Moreover, the
transferability properties of the force fields for these related molecules are analyzed. From the refined force
fields which gave the most satisfactory results in the fitting procedure, the physicochemical meaning of the
force constants in terms of redundant simple internal coordinates in the unambégumausgcalform is studied.
Although the results are not completely decisive for the pyridazine series, significant conclusions are drawn
pertaining to their force fields, some of which are calculated for the first time. First, the utility of canonical
force fields is shown through the force fields tranferred from benzene, which produce results for some symmetry
blocks that are comparable to those obtained from quantum mechanical force fields. Second, we report the
refined force fields in simple valence internal coordinates and observe that they give values for the ring-
stretching force constants that agree with the electronic structure of this molecule, for which the aromatic
character is shifted toward one of the Keksteuctures that has double bonds between the C and N atoms
and in the CC meta bond. All of this is in accordance with the low aromatic character of the pyridazine ring,
especially as compared with the other azines. In addition, the calculated values for the torsion and CH and
CCI bending force constants also are explained in the electronic structure of these systems.

I. Introduction At the same time, other groups have supported a uniquely

Since the 1950s when the first reference books on mol | rdefined set of force constants referred to as redundant coordi-
ce the s whe e firstreterence books o olecula nates>* and in recent years, the number of researchers using

vibrations were publisheHlthe understanding of vibrational this kind of coordinate basis in their studies has increased. For

analysis has continued in permanent and deep evolution. Even -
the most elementary approach in the field (i.e., the harmonic or example, Pulay and Fogarasieveloped a gradient geometry

dratic d e £ th lecul ial) has had optimization procedure in terms of redundant VICs. Baker et
gﬁg sriaté?ficngrclgﬂ?r?bati;ni m%:curircgg:ene“aag Saseci?icar;lew al%7 are working on the derivation of scaled quantum mechan-
one ofgj the most controversial tOpri)és in theyfield 'haz been t%,e :c?rii;lrlrfict)ir\?: :‘/igllgﬁéi?oh:lg;nggllq\/si?fnttzig:ﬁc;sfﬁﬁliggtc;ffi?;ij\ﬂcri]lézl nt
\s/ﬁ)lf;ttig:sogﬁg ﬁgf;;%%gfgr(égogghns?;za_tégrd:%:g%rr:gligzngICs. Also, algorithms _using redundant cu_rvilinear coordinates
! . ; - . to calculate frequencies along a reaction path have been
fields in terms of redundant simple valence internal coordinates

(VICs) were rejected because of a number of disadvarkages presented,and new methods to resolve the inverse problem of
including, in the harmonic approximation, tiedeterminacy vibrational spectroscopy on the basis of Tikhonov’'s method of

of the kinetic G) and potential ) molecular energy matricés? regularization and use of redundant systems of VICs have been

T . . described. Very recently, Marmez Torres et a° have suc-
This limitation led to the selection of independent (symmetry, . . .
. : ceeded in the development of an unambiguous formalism for
pseudosymmetry, or internal) coordinate sets for the molecular

potential, although this choice lost part of the physicochemical molecglar V|br§t|on§ n tgrms of redgndant VIQS by using
meaning and the transferability of the force constants. canonical matrices in defining canonical force fields, which

provide a more coherent and generalized treatment than those
* To whom correspondence should be directed at Institute for Theoretical found in the previous literatur®:" Their definitions were

Chemistry, Department of Chemistry and Biochemistry, University of Texas, €xtended to other matrice& which are also affeCted by the
Austin, TX 78712-1167. E-mail: juana@mail.cm.utexas.edu. problem of indeterminacy when redundant coordinates are used
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(i.e., the kinetic energy matrices and those matrices involved eters. If for some reason (e.g., molecular symmetry) a number
in transforming different sets of vibrational coordinates). Their of m internal coordinates are considered, where> n, they
results proved the mathematical unambiguity of the canonical must satisfyn — n constraint conditions (redundancy relation-
force field in terms of redundant VIG8 Thus, they have offered  ships) which rise from the molecular geometry. In such a case,
a powerful tool to test the physicochemical meaning of the force the force field would be a function af(m + 1)/2 parameters.
constants in this coordinate set as well as the transference andBecause there are more parameters than those needed to define
interpolation possibilities of the force fields between related the force field, it is said that the force field in redundant
molecular systems. coordinates is undetermined (i.e., there are infinite sets of values
There are two possible methods to calculate molecular Of such force constants that give a correct harmonic potential
harmonic force fields: quantum chemical determinations and energy surface). However, the indeterminacy of the force field
empirical force fields. Quantum mechanical force fields are ¢an be avoided ill of theminternal coordinates are considered
mainly represented by two approaches: ab initio and density @ independent variables. Th_e latter can be do_ne by transferring
functional theory (DFT) methods. One of the most accurate Molecular geometry constraints (previously imposed on the
approaches in ab initio methods is coupled cluster theory with intérnal coordinates, which are now considered independent)
single and double excitation plus quasiperturbative triple excita- {0 the force constants; themifm + 1) — n(n + 1)}/2 additional
tion, CCSD(T)! together with the use of correlation consistent elations between the force constants (sum rule relationships)

basis sets with high angular momentum functi@mgth which can be obtained, which make a uniquely determined force
it is possible to obtain a high level of accuracy in the prediction fleld4b:10po.53|ble. These sum rule relationships are represented
of molecular harmonic wavenumbers and force fiékligow- by algebraic combinations of force contants, which contribute

ever, this kind of calculation imposes a high computational cost, With @ value of zero to the potential energy and imply no
which can presently be undertaken only for quite small molecular deformation. A force field so defined is the canonical
molecules. Thus, Hartreeeock methods and modest electron force field. Thus, the treatment reduces a problem with redun-
correlation treatments. for instance. second-order Mgiéasset dant coordinates and undetermined force constants to a problem
perturbation theory together with standard double and triple split With independent coordinates and determined force constants.
valence basis seté,have become a routine way to calculate ~ The pyridazine (1,2-diazine) and 3,6-dichloropyridazine
molecular properties, although their results do not reproduce Mmolecules were selected for this study. Although there is not
the experimental evidence with high accuracy. DFT mettods extensive experimental vibrational information on these com-
constitute a computationally cheaper option, the results of which Pounds, they constitute attractive molecules from the point of
reach a notable accuracy for many molecular propetties. View thatthey represent a typical example of systems with cyclic
However, the definition of DFT functionals is somewhat redundant relationships, besides being a good series to check
arbitrary, and the improvement of these functionals requires the the transference of the force fields between related molecules.
inclusion of empirical parameters whose values must be refined In particular, for each molecule, three types of initial force fields

using, as a reference, a more or less extensive series of moleculafvere tested in the empirical least-squares procedure: first, a
properties? group of three quantum mechanical force fields at the Hartree

Fock level (HF/6-31G*), with a partial electron correlation
treatment through second-order Mghdtlesset perturbation
theory (MP2/6-311G**) and under the density functional
approximation (BLYP/6-31G*); second, a scaled B3LYP/6-
31G* quantum mechanical force field; third, empirical force
fields transferred from the benzene molecule. The transference
possibilities between related molecules of the various force fields
are checked and analyzed, specifically, the force field transfer-
ability from benzene to the two pyridazines and from pyridazine
to its chlorinated derivative. Moreover, we emphasize that the
description of the molecular vibrational force fields in terms of
VICs in canonical form is decisive for the transference
procedures to the extent of making the physicochemical
interpretation of the force constants possible.

Empirical force fields provide a solution to the vibrational
problem where it is usual to find fewer observed data than
parameters (force constants) which have to be determined. In
such a case, it is possible to resort to a simplex methed,
traditional lineat® or nonlineaf® least-squares method, or a
regularization treatmehisuch as iterative techniques to give
one of the possible solutions of the secular equation. In any
case, it is necessary to choose an a priori matrix of force
constants as an initial approximation which could come, in
principle, from three different sources: empirical force fields
transferred from related molecules, quantum mechanical force
fields from a particular level of theory, and theoretical and
semiempirical force fields previously scaled by using a typical
scaling techniqué’-2!

In this paper, our first aim is to investigate the behavior of | Method
various force fields from different origins when they are
subjected to a linear least-squares refinement, considering as Although pyridazine and 3,6-dichloropyridazine have not been
observed data the available experimental information of the as widely studied as pyrimidine and pyrazine and their
studied molecules. First, we also want to test the transferability chlorinated derivatives, they have recently aroused interest in
properties of the force fields belonging to related molecules. several research groups. (See refs 22 and 23 and references
Second, from those force fields which give the most satisfactory therein to find a broad survey of the vibrational background of
results in the refinement procedure, we will analyze the these systems.)
physicochemical meaning of the force constants when these I1.1. Definition of Coordinates. Pyridazine and 3,6-
harmonic potentials are expressed as canonical forceflétds  dichloropyridazin&® 3! belong to the structural,, symmetry
terms of redundant VICs. To understand the nature of a point group®? The experimental structures selected in the present
canonical force field in a molecule with vibrational degrees  study are taken from refs 27 and 28 for pyridazine and 3,6-
of freedom,n internal coordinates are necessary and sufficient dichloropyridazine, respectively. The definitions of internal
to determine the displacements of the nuclei from their coordinate [i.e., bond stretching, angle bendithgnd out-of-
equilibrium positions, and the definition of any force field in plane (molecular plane) displacements of the H atoms
the harmonic approach needé + 1)/2 independent param-  (wagging)f® and torsiod® and axis orientation are shown in
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Y TABLE 1: Independent Symmetry Coordinates of
Pyridazine and 3,6-Dichloropyridazine
A1 Symmetry
Si=a(ry+rg)
b3 S=a(r2+rs)

SBZb(R2+ R6)+C(R3+R5) —dR1+eR;—

f(ou + o) — g(os + o) + h(ou + as)
S =i(Rs+ Rs) + jR1 — kRy + I(a1 + a2) + m(oiz + o) — N0 + o)
S =0R; + pRs — g(a1 + ap) — r(as + ae) + (o — as)

C S=tRy+ U((X]_ + (12) + V((Xs + (16) - W((X4 + (15)
X / S =X(ou + a2) — y(oz + ae) + z(os + as)
S=a(1— pa)
Ve S=a(f— f3)

Az Symmetry
So=a(y1— va) —b(y2 - ¥3) - Ct1+dra— €(t2+ 16) + ' (73 1+ 75)
S_u = g'(j/z - yg) - h"L’l + I"L’4 - j'(Tz + ‘L'a) + k'(l'g + ‘L’5)

x Pyridazine: XY —H Siz=1'11+ M14— N (224 76) — O'(73 + 75)
. x 3,6-.dlchloropyndazme: )f= ClL,Y=H - . . Sia= p'r4 + q'(TZ + TG) _ r'(Ts + TS)
Figure 1. Valence internal coordinates (VIC) in the pyridazine B, Symmetry

series: y is the out-of-plane displacement of H atoms (wagging _ , o o
coordinate) and is ring torsiorf® around the bond indicated. In the 24:5\/(2/1 -:_y4))—ttx(’;g ty;))tl;/((r; 726))4_ ot~ 7)
wagging coordinates, the H atoms move in the posi¥veirection. Slz= Z(TVZZ_ TZ)E'_ a.,(r;_ T‘S B

The torsions consider not only the ring contribution but also the

contributions of the CH bond to the torsional displacement. B2 Symmetry
Si7=a(r1— ra)

Figure 1. As usual,the CH-bending internal coordinates are  Sie=a(r2 —r3)

defined as the normalized difference betwaknand @;'. In S19=Db"(Re = Re) = ¢"(Rs = Re) + d"(cts — 02) —

; ) €'(az — ag) — "' (0 — o)
this way, 30 VICs are defined for each molecule and, because So=g"(Rs — Re) + "(0te — 2) — " (a3 — 0te) — | (cta — cts)

there are only 24 vibrational degrees of freedor (3 6), six S = K'(o1 — 02) + I"(ctz — 0tg) + M (0w — )
redundancy relationships appear which are distributed in sym- s,,=n"(as — ae) — 0"(0u — as)
metry species as 2At+ 2A, + By + B,. Because, in principle, S3=a(f1+ f4)
there are a larger number of parameters (force constants) to beS4=a(B2 + f3)
refined when the force field is expressed in dependent instead aNumerical values of the symmetry coordinate coefficients are
of independent coordinates, we proceeded to eliminate thereported in Table 2 for pyridazine and 3,6-dichloropyridazine.
redundancies. Thus, a new set of independent symmetry
coordinates (ISCs) to express the force fields and carry out theon these isotopes, in some cases, the fundamentals are assigned
refinement is defined. to bands different from those proposed initially by Stidham and
The redundancy relationships are derived throughBBé Tucci 28 The final assignment used in this work is presented in
diagonalizatior$* whereB = Ub, U is the matrix of 1 x M) Table 3 for pyridazine3,6-d, and d4. Only the fundamentals
[(30 x 30)] order which expresses the dependent symmetry with the lowest experimental uncertainties are considered in the
coordinate¥ as functions of the VIC) is the matrix of U x refinement. The refinement was carried out using the funda-
3N) [(30 x 30)] order which defines the internal coordinaks mental frequencies of all of the species as data rather than
(i = 1—M, M is the number of internal coordinates), and the frequencies for the normal species and isotopic shift for
superindex T denotes the transpose. Those eigenvectors witldeuterated derivatives.
null eigenvalues represent the redundancy relationships and are I1.3. Initial Force Fields To Be Refined. Force fields of
available as Supporting Information: Tables IS and IIS for three different types are used as starting points in the refinement
pyridazine and 3,6-dichloropyridazine, respectively. (Tables procedure (i.e., unscaled and scaled qguantum mechanical force
denoted by “S” present additional information deposited as fields and empirical force fields transferred from related
Supporting Information.) The independent symmetry coordinates molecules). A flow diagram is displayed in Figure 2 where all
were obtained by orthonormalization with respect to the of the force fields tested for each molecule as well as the various
redundancy relationships using the GraSthmid#® procedure, transfers of the potentials carried out between molecules can
and their algebraic forms and the values of their coefficients be seen.
are shown in Tables 1 and 2, respectively. These forms The GAUSSIAN92° and GAUSSIAN94° packages were
guarante® all of the necessary conditions to transform the force used to calculate the fully optimized geometries, harmonic
fields from ISCs to VICs in canonical form. vibrational wavenumbers, and quantum mechanical force fields
Theb matrices were calculated from the selected experimental of pyridazine and 3,6-dichloropyridazine. The structures cor-
structure mentioned above for each molecule. This calculation, responding to the minimum of energy with respect to the
those concerniniyb andBBT products, and the diagonalization displacements of the nuclear coordinates were obtained by the

procedure were carried out with the VIBRA progréfriThe simultaneous relaxation of all of the geometric parameters. The
MATHEMATICA program®” was used to apply the Gram harmonic vibrational wavenumbers and force constants of the
Schmidt procedure. two molecules were calculated from analytical second deriva-

11.2. Selected Experimental Data.The observed data to be tives of the potential energies (see Figure 2 for details of the
fitted in the least-squares refinement are the experimental different levels of calculations used). The quantum mechanical
anharmonic vibrational wavenumbers of pyridazmé*2%and force fields in Cartesian coordinates were transformed to ISCs
3,6-dichlropyridazin€ (v;; Table 3) and the wavenumbens)( (Table 1) by using the VIBRA progratfin accordance with
of the two deuterated species pyridaz$)6-d, and pyridazine- the relation presented in ref 10.
ds whose experimental data are selected from ref 38. However, SQM force fields obtained for these two molecules from ref
on the basis of our previous experience with SQM force fields 23 were also used as an initial starting point in the refinement
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TABLE 2: Numerical Values of the Coefficients of the Independent Symmetry Coordinates (ISC) of Pyridazine and
3,6-Dicloropyridazine?

pyridazine 3,6-dichloropyridazine pyridazine 3,6-dichloropyridazine pyridazine 3,6-dichloropyridazine
a 0.707 107 0.707 007 a 0.649 655 0.650 980 a’ 0.494 092 0.495 845
b 0.687 319 0.688 029 b 0.074 151 0.073 083 b" 0.640 614 0.638 931
c 0.036 972 0.036 439 c 0.215 203 0.216 816 c’ 0.143 212 0.145 973
d 0.081 826 0.080 817 d 0.232 493 0.228 233 d’ 0.107 316 0.109 530
e 0.081 828 0.080 817 ¢ 0.101 408 0.100 447 e’ 0.212 686 0.213 964
f 0.097 662 0.096 061 f! 0.109 469 0.106 037 ' 0.111 137 0.112 614
g 0.002 267 0.001 413 g 0.681 680 0.681 851 g’ 0.620 939 0.619 598
h 0.099 929 0.097 606 h 0.145 959 0.148 040 h" 0.138 100 0.140 598
i 0.689 369 0.689 245 y 0.166 009 0.164 535 i" 0.273 695 0.274 653
j 0.079 524 0.080 256 i’ 0.066 770 0.066 451 i 0.143 017 0.144 557
k 0.079 526 0.080 256 Kk 0.080 137 0.078 555 K’ 0.645 499 0.644 102
| 0.094 916 0.095 503 I' 0.699 958 0.694 197 I" 0.255 846 0.258 197
m 0.002 204 0.001 512 m 0.246 033 0.251 640 m'’ 0.133 689 0.135 895
n 0.097 119 0.096 834 n 0.473 933 0.476 679 n' 0.327 478 0.329 336
0 0.933 993 0.933 215 o 0.012 280 0.012 710 o' 0.626 704 0.625 731
p 0.136 681 0.138 357 p 0.639 629 0.637 420
q 0.163 130 0.164 564 q 0.179 321 0.181 880
r 0.003 787 0.002 524 r' 0.513 109 0.513584
s 0.155 918 0.167 019 s' 0.706 768 0.706 941
t 0.923 935 0.922 903 t 0.008 403 0.005 892
u 0.189 043 0.192 474 u 0.014 119 0.009 935
v 0.004 389 0.285 774 v 0.014 455 0.010 100
w 0.193 431 0.193 926 w 0.652 904 0.652 895
X 0.298 554 0.295 195 X 0.189 716 0.190 405
y 0.577 236 0.577 301 y 0.194 227 0.193 582
z 0.278 682 0.282 110 z 0.505 839 0.504 121

aSee Table 1 for a description of the symmetry coordinates.

TABLE 3: Fundamental Wavenumbers (v, cm™1) of Pyridazine, Two of Its Deuterated Species, and 3,6-Dichloropyridazirfe

pyridaziné pyridazinee,* pyridazine3,6-d,° 3,6-dichloropy
Vi A ref 38,v; this work, v; A ref 38,y this work, v; A Vi A
A1 Symmetry
vy 3086 7.8 2303 2303 25 3053 3070 3.8 3092 0.1
2 3071 11 2277 2277 35 2293 2293 1.8 1556 11
V3 1570 0.0 1549 1549 5.9 1556 1556 6.7 1299 0.8
Va 1444 2.9 1272 1319 24 1392 1359 1168 45
Vs 1160 0.8 1203 1125 1114 1148 1147 3.1
Ve 1119 0.7 951 951 0.3 1044 1045 8.6
V7 1061 0.1 896 833 0.4 958 958 2.8 780 1.8
Vg 968 2.9 833 805 856 856 11.2 343 1.0
2 665 5.7 608 638 7.1 626 664 4.8 232 0.1
A, Symmetry
V10 1025 766 849 840 937 7.3 983
V11 945 7.1 727 766 1.6 806 806 0.2 741
V12 754 0.8 686 686 17.2 730 730 14.0 407
Vi3 367 3.2 351 351 383 383 298
B1 Symmetry
Via 987 9.6 710 796 755 888 836
V1is 745 0.9 563 563 3.1 665 665 8.9 507
V16 376 3.7 326 326 1.8 332 332 1.8 114/356
B> Symmetry
V17 3079 11.9 2303 2282 0.9 3065 3057 24 3074 0.0
Vig 3057 0.3 2259 2259 3.2 2286 2286 8.5 1528 2.3
V19 1563 1.7 1528 1528 35 1543 1543 0.6 1387 11
V20 1413 1.8 1318 1272 6.6 1423 1392 4.4 1129 12.6
2z 1281 8.1 1038 1018 1178 1082 1019 8.1
V22 1049 4.4 973 973 7.6 1019 1019 5.9 628 11
Vo3 1027 0.3 853 888 910 555 3.9
Vo4 622 4.1 639 608 11 661 626 5.4 372 0.9

a A represents differences between the observed wavenumbers included in the refinement and their calculated values using the MP2/6-31G**
force field (A = |vons — veal). FoOr out-of-plane vibrations of 3,6-dicloropyridazine, the vibrational secular equation was directly Sdxgerimental
wavenumbers were selected from the gas-phase spectra; when they were not available, data from liquid and solid phase? wivavsedmbers
selected from the IR spectra; when these data were not available, the information from Raman spectra #&s UBdterent assignment from
that proposed by Stidham and Tuégi® Unperturbed wavenumbers calculated considering the Fermi resoffahBeth fundamentals show close
wavenumbers; see the discussion in ref ZPwo possible bands to assign to this fundamental.

procedure. In particular, the SQM force fields denoted as set ing to Pulay’s methot (i.e., scale factors associated with each
BI for pyridazine and set Bl for 3,6-dichloropyridazine in ref  diagonal force constant were refined by least-squares fitting to
23 were selected. Those SQM potentials were obtained accord-every kind of vibrational datum, fundamental frequencies in the
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SQM force field
B3LYP/6-31G*
(secaled) ©

Quantum Mechanical (QM)

Force Fields ”

HF/6-31G*
BLYP/6-31G* |
MP2/6-311G** |

Force field transferred
from benzene®

- Refined Force Fields : ;
CFETESTET T - Transformation to
canonical form in
- termeof VICS , Friv
Fy=WTFW

Transfer
throughout
Fr

Transferred
from benzene

MP26-311G+ |

SQM force field
B3LYP/6-31G*
{scaled)* g

O

Fields "
HF/6-31G*
BLYP/6-31G*
MP2/6-311G**

ical Force

DICHLOROPYRIDAZINE

Refined Force Fields __»

Transformation to

canounical form in

term of VICs , Fi'
Fi=W'EW

Figure 2. Flow diagram of the various force fields tested for pyridazine
and 3,6-dichloropyridazine, as well as the transfers of the harmonic

potentials done between different molecules. (Footnotes: (a) Reference,

43. (b) Conventional ab initio methods at the Hartréeck® level
and Mgller-Plesset perturbation theStyof the second order as well
as density funcitonal theory methods in the Ket8ham formulatiof?
with different exchange-correlation functiorfdl&'were used. With each
method, a series of standard split valence basis sets wa$°u%e(t)
Scaled force field from ref 23.)

present case, that stemmed from the force field). Set Bl included
six scaled factors for pyridazine, and set Bll included nine scaled
factors for 3,6-dichloropyridazine. These scaled force fields in
terms of the independent internal coordinates of Pulay € al.
(Uy) were expressed in terms of the ISCs sets defined in this
work (Wy; Table 1) by using eq 1 where thématrix has been
_ T T
Fg, = WU, FsU;W, Q)
defined as orthogonal.
Finally, with respect to those empirical force fields transferred

Vazquez et al.

expressed in ISCgP10(Fg) to force constants in VICSFR')
using the expression

Fr* = WTFW )
Fr* is the canonical vibrational force field. In the present work,
we used the MATHEMATICA prografi to carry out the above
transformation.

For benzene, it should be noted that tké matrix is
constructed starting from the symmetry coordinates defined by
Duinker and Mill$* (series 2\W,) for the in-plane vibrations
and from a new symmetry coordinate set defined in the present
work for the out-of-plane movements. The new set was obtained
using the experimental geometry from ref 45 and following the
same procedure as that described for the pyridazine series. The
independent symmetry coordinateS)(and the redundancy
relationships are given in Tables IIIS and IVS, respectively.

Thus, to make the transformation in eq 2 possible, the
symmetry force constants of Goodman etaxpressed in terms
of Whiffen’s coordinate® (series 1,U;) were transformed to
Duinker’s in-plane symmetry coordinate set (series 2) by using
eq 1 and to the out-of-plane symmetry coordinates set defined
in the present work by using the relation

7T

F, =TFgT 3)
whereFg, andFg, are the force constant matrices expressed in
terms of the ISC sets defined in the present work (series 2) and
those in terms of the coordinate set used by Goodman et al.
(series 1), respectivelyf is the matrix defined asBiB,') in
ref 10. This transformation was accomplished by using the
VIBRA program36

(2) The force fields of each reference molecule in terms of
VICs in canonical form Eg*) were transferred to théarget
molecule setting up the relation between the simple valence
force constants of both molecules (the reference and target
molecules). Then, the resultirfgg* force fields of the target
molecule were transformed to ISCs to carry out the refinement
procedure. This transformation was performed by using the
relatior?40.10

Fo=WFrW' (4)

The resulting values for the force constants, after the
coordinate transformations from the three series of potentials,
are shown (@) for pyridazine in Tables ¥SIIIS for A4, By,

A,, and B symmetry species, respectively, and (b) for 3,6-

from related molecules, the different cases tested are outlineddichloropyridazine in Tables IXSXIIS for A1, By, Ay, and B

in Figure 2. In particular, the complete empirical harmonic force
field of benzene proposed by Goodman etlalias selected to

be transferred to pyridazine. Two refined force fields of
pyridazine were transferred to 3,6-dichloropyridazine: the force
field initially transferred from benzene and the refined MP2/
6-311G** force field. Both potentials were selected because

symmetry species, respectively.

I1.4. Refinement Details. In all of the cases, a linear least-
squares procedure was performed to refine the initial force fields
by using the ASYM40 prograrft. Two different criteria of
uncertainties associated with each of the observed data points
were tested. First, when the vibration wavenumber errors were

they gave the most favorable results and they represented, amongssigned in proportion to their magnitude (i.e., takig;

the force fields tested, an example of empirical and theoretical
force fields, respectively. The transfers were carried out in the
following two steps:

(1) The force fields of thereference moleculenust be

proportional to 14;),%#8 an uncertainty of 1% of the observed
wavenumbers was used. Second, all of the wavenumbers were
assigned the same uncertaititfl cm* corresponding to the
experimental error). Finally, the former option was adopted

expressed in terms of independent symmetry coordinates andcbecause the discrepancies between the calcutateaid the

then be transformed to the simple valence internal ones in
canonical form. This procedure involves defining the
transformation matrix (8 — 6, M) between redundant VICs
and 1SCs#0.10which should be orthogonal to the redundancy
relationships. ThenV is used to transform the force constants

observedv wavenumbers undoubtedly arose largely from
anharmonicity and the analysis assumed that these errors were
larger for the higher wavenumbers. However, with the second
criterion, the analysis assumed that these errors were randomly
distributed. This inevitably weighted the lower wavenumbers
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TABLE 4: Root-Mean-Square (rms) Deviations in cnt! between Experimental and Calculated Wavenumbers of the Pyridazine
Isotopomerg

pyridazineh, pyridazine3,6-d; pyridazined, total
A; Symmetry
MP2/6-311G** 35 6.3 4.6 4.7
HF/6-31G* 6.7 5.3 6.6 6.3
BLYP/6-31G* 4.2 5.0 4.7 4.6
B3LYP/6-31G*(scaled) 3.2 5.5 6.3 5.0
transferred from benzene 7.1 8.6 11.9 9.2
B2 Symmetry
MP2/6-311G** 55 5.2 4.6 5.2
HF/6-31G* 4.5 5.4 4.3 4.7
BLYP/6-31G* 3.9 4.2 3.0 3.8
B3LYP/6-31G*(scaled) 3.6 3.9 2.9 35
transferred from benzene 13.0 8.6 13.3 11.9
A, Symmetry
MP2/6-311G** 4.5 9.1 12.2 8.7
HF/6-31G* 5.9 26.3 18.3 18.9
BLYP/6-31G* 11.9 19.0 15.2 15.7
B3LYP/6-31G*(scaled) 11.6 17.6 13.9 14.6
transferred from benzene 55 6.3 12.9 8.3
B1 Symmetry
MP2/6-311G** 5.9 6.4 25 5.3
HF/6-31G* 8.0 9.9 2.9 7.6
BLYP/6-31G* 2.8 2.6 2.1 2.6
B3LYP/6-31G*(scaled) 4.3 4.5 2.1 3.8
transferred from benzene 3.0 2.2 1.5 25

2The rms deviations of the calculated fundamentals from the different refinement procedures were defined=bip rfagheo" — »;&xP)2/N] /2
wherew;™° andv®® are theith theoretical harmonic anidh experimental fundamental wavenumbers (im&mnrespectively, andN denotes the
number of normal modes.

TABLE 5: Root-Mean-Square (rms) Deviations in cnt? obtained with the transferred force fields (i.e., those from the
between Experimental and Calculated Wavenumbers of transfers benzene pyridazine and pyridazire> 3,6-dichloro-
3,6-Dichloropyridazine*b P, i ; At :
pyridazine). In addition, for the chlorinated derivative, the fit
Aisymmetry B symmetry of the HF/6-31G* force field is not satisfactory either. The
MP2/6-311G** 35 5.6 largest rms value was for the ;Asymmetry block of 3,6-
HF/6-31G* 27.0 0.7 dichloropyridazine with values on the order of 40.0 and 27.0
BLYP/6-31G** 2.6 7.3 cm! with the transferred and the HF/6-31G* potentials,
52#;Z£?églf%rr(msca:?ddgzine 2.2 24 respectively. Because there were force fields that provided a
(A)° Py 389 3.4 good fit to the experimental data, we rejected a possible problem
(B)? 471 13.2 of misassignment and, in our opinion, these large deviations

2 See footnote a of Table 3 for the definition of the risvave could be due to the fact that only a reduced number of force
numbers selected from ref 23 in Table°ZA) from a force field CO_nStantS (elght) are reflr_led_ Ina block of a<99 dlm_enS|on.
transferred from benzer.d (B) from a MP2/6-311G** ab initio force It i usual in a problematic fitting procedure like this that the
field. fundamental wavenumbers depend simultaneously on several

diagonal and off-diagonal force constants.
less than the higher ones, with a consequent slightly poorer The out-of-plane fundamentals of pyridazine, and especially
precision of the force constants associated with bending andthose with the A symmetry, show poorer fits than do those of

skeletal deformational motions. the in-plane vibrations. The force field MP2/6-311G* and that
In general, the total number of refining parameteny Was transferred from benzene produce wavenumbers nearest to the
smaller than the total number of observed daia However, experimental ones with a total rms of 8.7 and 8.37&¢m

in some symmetry blocks related to the force fields transferred respectively. In addition, for the;Bundamentals, it is observed
from benzene, it was necessary, as an exceptional measure, tthat the fittings are quite good with the rms values small and
fit n=m. of the same order for the three isotopomers. Thus, the five tested
force fields, except the HF/6-31G*, give rms values on the order
of 2.5 cnmL. Globally, for the normal modes of the out-of-plane
vibrations, the MP2/6-311G** and the transferred-from-benzene
I11.1. Fitting to the Observed Data. The root-mean-square  force fields give the best and the most regular behavior for both
(rms) deviations between experimental and calculated wave-Symmetry species.
numbers for pyridazine and its chlorinated derivative are shown  For the out-of-plane vibrations of 3,6-dichloropyridazine, in
in Tables 4 and 5, respectively (rms is defined in the footnote all of the cases except for the,dlock of the BLYP/6-31G*
of Table 4). potential, we solved a set of simultaneous linear equations rather
For in-plane vibrations, the best fit to the experimental than performing a least-squares calculation. In the refingd A
wavenumbers of pyridazine as well as to 3,6-dichloropyridazine block, thevig, v11, v12, andviz fundamentals with experimental
was obtained with the BLYP/6-31G*, B3LYP/6-31G*(scaled), wavenumbers of 983, 741, 408, and 299 ¢érare calculated
and MP2/6-31G* potentials, where rms has values on the orderas 995, 752, 405, and 292 cin This gives an rms value of 9.8
of 5.0-2.0 cntl. By contrast, the worst rms values were cm1,

Ill. Discussion and Analysis of the Results
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TABLE 6: Calculated and Refined Values and Uncertainties of the Force Constants of ASymmetry of Pyridazine and
3,6-Dichloropyridazine?—¢

pyridazine 3,6-dichloropyridazine
MP2/6-311G** B3LYP/6-31G*(scaled) MP2/6-311G** B3LYP/6-31G*(scaled)
initial refined o F} initial refined of F} initial refined o F} initial refined o F}
Fi1 5.688 5.203 0.046 5.164 5.199 0.044 4.217 4.018 0.179 3.864 3.836 0.110
Fi2 0.005 0.008 0.002 0.005
F2. 5.728 5.149 0.046 5.203 5.157 0.043 5.768 5.206 0.108 5.292 5.215 0.011
Fa1 0.161  —0.306 0.174 0.208 —0.246 0.090 0.552 0.650
Fs2 —0.013 0.001 —0.014 —0.004
Fas 6.489 5.113 0.126 5.963 5.957 0.139 6.355 5.347 3.151 6.050 6.296 0.054
Fa1 0.052 0.079 0.318 0.353
Faz 0.018 0.048 0 0.033
Faz 1.487 1.426 0.059 1.712 1.637 0.202 1.362 1.599
Faa 6.134 6.112 0.226 5.452 5.421 0.216 6.141 5.884 3.137 5.298
Fs,1 —0.057 —0.040 —0.011 —0.013
Fs,2 0 0.016 —0.012 0.001
Fs.3 0.487 0.941 0.087 0.778 0.801 0.107 0.383 0.686
Fsa 0.015 —0.168 0.040 —0.168
Fss 5.701 5.517 0.237 5.444 5.345 0.199 5.605 5.605 4.998 5.309 5.060 0.090
Fe,1 —0.005 —0.009 —0.035 —0.039
Fe.2 0.079 0.122 0.071 0.112
Fe3 0.065 —0.063 0.152 0.018
Fe.4 0.226 0.349 0.206 0.353
Fes 1.356 1.528 0.094 1.404 1.589 0.088 1.396 1.451
Fe.6 6.442 1.476 0.164 6.007 6.276 0.056 6.521 6.408 0.055 6.099 6.157 0.034
F71 0.126 0.114 0.497 0.484
F72 —0.064 —0.065 —0.056 —0.043
F73 —0.202 —0.172 —0.122 —0.110
F74 —0.032 —0.485 0.062 0.087
F7s 0.541 0.514 1.014 1.012
Fr6 0.316 0.445 0.091 0.302 0.369 0.063 2.439 2.286
F77 1.454 1.436 1471 0.013 2.391 2.307
Fs1 0.023 0.010 —0.009 —0.004
Fs.2 0.004 0.004 —0.015 —0.013
Fs,3 —0.237 0.383 0.084 —0.222 0.400 0.083 —0.036 —0.359
Fsa 0.137  —0.205 0.022 0.132 —0.209 0.028 0.258 0.244
Fss —0.039 —0.028 0.004 0.011
Fse 0.014 0.008 —0.034 —0.028
Fs7 —0.054 —0.055 —0.102 —0.106
Fss 0.573 0.541 0.007 0.551 0.549 0.006 0.942 0.982 0.046 0.941 1.007 0.025
Fo,1 0.010 0.010 0.023 0.020
Fo.2 —0.020 —0.019 —0.003 0.003
Fo3 —0.025 —0.016 —0.039 —0.027
Foa —0.147 —0.138 —0.187 —0.169
Fos 0.073 0.059 0.071 0.055
Fos 0.216 0.196 0.231 0.208
Fo7 0.122 0.112 0.178 0.162
Fos 0.020 0.019 0.009 0.013
Fo,0 0.484 0.444 0.010 0.464 0.438 0.008 0.525 0.483 0.086 0.498 0.497 0.006

a Calculated force constants are referred to as initial. Unrefined force constants were fixed to their initiaPvEersty-two and nine experimental
data points for pyridazine and 3,6-dichloropyridazine, respectively, were used in the refinement prédede constants are in units of aJ?A

Thus, it can be concluded that the MP2/6-311G**, B3LYP/ benzene for the Avibrations of pyridazine, making further
6-31G*(scaled), and BLYP/6-31G* potentials show the most analysis possible. The force constants which were not refined
regular behavior through the pyridazine series. The force field were constrained to their initial values. Next we discuss the
transferred from benzene has a reasonable response for the indetails of the results.
plane vibrations of pyridazine and is particularly accurate on  In-Plane VibrationsThe force constants of pyridazine and
the out-of-plane vibrations of this parent molecule. The force 3,6-dichloropyridazine, which belong to the Aymmetry, are
fields transferred to the chlorinated derivative give very variable shown in Table 6 and those of the 8ymmetry in Table 7. For
results, basically because of the limited number of experimental pyridazine, all of the diagonal and 13 of the interaction force
data to be used as a reference in the fitting process. constants along with 7 of the ;Asymmetry and 6 of the B

II.2. Force Constants in Terms of Symmetry Coordinates. species were refined. The selected off-diagonal parameters were
In the tables and the discussion, we considered only the forcethose that showed the most influence on the calculated wave-
fields which gave the most satisfactory rms results between thenumbers. For 3,6-dichloropyridazine, all of the diagonal force
calculated and the experimental wavenumbers (previous section)constants excepi; ; and F2z, 2o were refined.
as well as the lowest uncertainties of the refined symmetry force It is observed (Tables 6 and 7) that tRes, F2 2, Fee F7.7,
constants (i.e., MP2/6-311G** and B3LYP/6-31G*(scaled) Fgg, Fog Fi1717 Fisis F2323 and Fa424 force constants of
potentials). Some other potentials will be included in the pyridazine reach similar values with any of the initial potentials
discussion, for example, the force fields transferred from considered and that they show the lowest uncertainties. The
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TABLE 7: Calculated and Refined Values and Uncertainties of the Force Constants of BSymmetry of Pyridazine and
3,6-Dichloropyridazine?

pyridazine 3,6-dichloropyridazine
MP2/6-311G** B3LYP/6-31G*(scaled) MP2/6-311G** B3LYP/6-31G*(scaled)
initial refined o F} unitial refined o F} initial refined o F} initial refined o F}
Fi717 5.687 5.260 0.036 5.161 5.227 0.025 4.143 3.764 0.169 3.764 3.804 0.116
Fig17 0.006 0.007 —0.005 -0.003
Fis18 5.716 5.144 0.038 5.187 5.147 0.027 5.759 5.190 0.155 5.280 5.191 0.021
Fi917 0.169 0.663 0.451 0.188 0.258 0.176 0.625 0.734
Fio18  —0.023 —0.318 —0.021 -0.029
Fi9.19 6.339 6.573 0.230 6.171 6.476 0.137 6.250 6.777 0.492 6.295 6.817 0.263
F2017 0.083 0.103 0.452 0.468
F20,18 0.061 0.089 0.034 0.062
Fo19 —0.984 —1.071 0.055 —0.869 -0.890 0.035 —1.000 —0.862
F20.20 5.743 5.159 0.134 5.301 5.074 0.112 5.689 4.662 0.596 5.114 4.754 0.337
Fa117 —0.086 —0.064 —0.216 —0.175
F118 0.013 0.013 0.022 0.024
Fo119 —0.469  —0.953 0.074 —-0.511 -0.721 0.056 —0.581 —0.657
F21,20 0.259 0.333 0.046 0.254 0.242 0.026 0.180 0.171
Fo121 1.385 1.397 0.229 1.332 1.387 0.176 1.266 1.223 0.077 1.188 1.242 0.053
Fa217  —0.098 —0.101 —0.346 —0.324
F22.18 0.174 0.165 0.152 0.143
F22,19 0.124 0.113 0.117 0.091
Foo  —0.227 —0.074 0.049 —-0.197 -0.119 0.047 —0.189 —0.157
F22.21 0.054 0.032 0.072 0.048
F22.20 1.291 1.315 0.257 1.264 1.266 0.169 1.237 1.213
Fas17 0.024 0.014 0.018 0.023
Fas1s  —0.011 —0.009 —0.023 —0.031
Fos19 —0.342  —0.293 0.017 -0.314 —0.293 0.012 —0.434 —0.428
F23.20 0.149 0.132 0.163 0.140
Fas21 0.106 0.098 0.093 0.083
Faz22  —0.059 —0.049 —0.023 —0.015
F2s23 0.563 0.548 0.009 0.543 0.548 0.007 0.916 0.909 0.031 0.924 0.902 0.034
Fa417  —0.007 —0.004 —0.003 —0.009
Fos18  —0.002 0.001 0.013 0.020
Faa,19 0.064 0.053 0.047 0.039
Fasz2o  —0.134 —0.117 —0.185 —0.159
Fas21  —0.060 —0.054 —0.005 —0.048
F24,22 0.039 0.038 0.035 0.035
Fas23  —0.004 —0.003 —0.023 —0.015

F24,24 0.504 0.489 0.007 0.484 0.486 0.004 0.539 0.529 0.023 0.511 0.508 0.009

a Calculated force constants are referred to as initial. Unrefined force constants were fixed to their initial’VRluesty and eight experimental
data points for pyridazine and 3,6-dichloropyridazine, respectively, were used in the refinement prodedioe constants are in units of aJ?A

remaining diagonal force constants of pyridazine associated with from the various force fields analyzed. In particular, the lowest
the ring-stretching and ring-deformation movements give more uncertainties are obtained in the Bymmetry force constants
variable values depending on the force field, and they are alsowith values that are several orders of magnitude smaller than
calculated with higher uncertainties. For 3,6-dichloropyridazine, those of the associated force constants.
the behavior is similar, but the uncertainties of the force  Ajthough, in general, the worst fitting between the calculated
constants related to the ring displacements are larger than thosgnd experimental wavenumbers was obtained for the A
in the parent molecule. symmetry block, an exception is the force field transferred from
When the A and B symmetry blocks of pyridazine are  benzene, where the rms values are 5.5, 6.3, and 129 fan
compared, it can be observed that the refined diagonal forcethe h,, 3,6-d2, and ds species, respectively (see Table 4). In
constants of B symmetry present more uniform values than particular, it was observed (Table 8) that, for this force field,
those in the A block. The uncertainties also turned out to be the diagonal and the interacti®i, joforce constants were the
smaller with values on the order of 0.007 aJ?Aor Fa33and most sensitive to the observed wavenumbers, while for the other
Fa424 force fields, the nine force constants of the block played an
The off-diagonal parameters obtained with the quantum equally decisive role in the observed data.

mechanical and scaled force fields present the same sign after For 3 6-dichloropyridazine, we solved the set of simultaneous

being refined. linear equations, rather than performing a least-squares calcula-
Out-of-Plane VibrationsThe force constants of pyridazine tion (noted as “direct calculation” in Table 8). Thus, all of the

and 3,6-dichloropyridazine, which belong to the and B diagonal constants were calculated from the experimental

symmetry species, are shown in Table 8. wavenumbers, keeping the interaction force constants fixed to

For pyridazine, all of the diagonal force constants were refined the calculated initial values. For the Bymmetry force fields,
in the two symmetry blocks. In Table 8, it can be observed that all of the potentials gave similar values with such results being
the diagonal force constants present similar values for the more systematic than those in the gymmetry species, where
various force fields tested. All of the force constants show quite the most significant discrepancy is shown by g 1o force
small uncertainties which are of the same order of magnitude constant which is associated with the most complicated sym-
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TABLE 8: Calculated and Refined Values and Uncertainties of the Pyridazine and 3,6-Dichloropyridazine Force Constants of
A, and B; Symmetry?

3,6-dichloropyridazine

pyridaziné MP2/6-311G** B3LYP/6-31G*(scaled)
transferred from benzene MP2/6-311G** B3LYP/6-31G*(scaled) direct direct
initial  refined of F} initial  refined o{F} initial refined o{F} initial calculatiod initial calculatiort
A, Symmetry
Fioi0 0281 0.343 0.013 0.274 0.334 0.012 0.319 0.333 0.022 0.320 0.466 0.363 0.352
Fi110  0.012 0.050 0.012 0.066 0.025
Fi111 0.291 0.318 0.009 0.230 0.266 0.009 0.298 0.267 0.013 0.234 0.287 0.288 0.252
Fi210 —0.022 0.084 0.019 0.053 0.045 0.072 0.065
Fi211  —0.009 0.017 0.017 0.011 0.012
Fi1212 0.337 0.287 0.016 0.195 0.274 0.015 0.211 0.301 0.036 0.199 0.208 0.208 0.211
Fi310  0.038 0.018 0.042 0.005 0.029
Fi311  —0.060 —0.024 —0.052 —0.006 -0.22
Fi312 —0.039 —0.037 —0.038 —0.007 —0.007
Fiz13 0.368 0.218 0.017 0.331 0.252 0.021 0.352 0.211 0.029 0.315 0.270 0.322 0.399
Bi Symmetry
Fui14 0298 0.312 0.005 0.277 0.308 0.008 0.296 0.311 0.006 0.320 0.308 0.335 0.303
Fis14 —0.004 0.011 0.004
Fisis  0.298 0.298 0.003 0.301 0.281 0.006 0.313 0.287 0.005 0.307 0.313 0.314 0.308
Fis14 0.049 0.006 0.003 —0.008 —0.003
Fi15 —0.024 —0.021 —0.025
F16.16 0.311 0.219 0.002 0.222 0.227 0.003 0.232 0.223 0.002 0.186 0.309 0.192 0.316

a Calculated force constants are referred to as initial. Unrefined force constants were fixed to their initialaigkesand seven experimental
data points for Aand B symmetry species, respectively, were used in the refinement procédmee constants are in units of aJ?Ad See text
for a description.

TABLE 9: Canonical Rin%-Stretching and CH and CCI Deformation Force Constants of Pyridazine and 3,6-Dichlropyridazine
in Terms of Simple VICs*

pyridazine 3,6-dichloropyridazine

MP2/6-311G** B3LYP/6-31G*(scaled) MP2/6-311G** B3LYP/6-31G*(scaled)
force constants initial refined initial refined initial refined initial refined
FL(NN stretch) 4,964 4,725 4.657 4,565 4.893 5.227 4.547 4,332
fane stretch) 5.667 5.113 5.349 5.472 5.560 5.298 5.433 5.763
fa(ortho cc stretch) 5.519 5.298 5.011 4,928 5.492 4.986 4.858 4732
fameta cc stretch) 5.999 5.897 5.597 5.869 6.081 5.984 5.689 5.735
f10(0rtho CH bend 0.568 0.544 0.547 0.549 0.929 0.946 0.932 0.854
f11(meta CH bend) 0.494 0.466 0.474 0.462 0.532 0.506 0.504 0.502

aForce constants in units of aJ-A P The ortho and meta positions are defined with respect to the CN B@who CCI bend for
3,6-dichloropyridazine.

metry coordinate of this species (which includes a linear and 3,6-dichloropyridazine), it can be seen in Table 9 that the
combination of all of the out-of-plane internal coordinates; Table NN stretching force constant;) is smaller than the other ring
1). stretching force constants. The constdn(CN stretching) is
111.3. Force Constants in Terms of VICs in Canonical larger tharfs (ortho CC stretching, with respect to the CN bond)
Form. The symmetry force constants were expressed in termsand smaller thari, (meta CC stretching, with respect to the
of VICs in canonical form. The goals of this transformation CN bond). After the refinement, we observe the following
were, in the work described in previous sections, to accomplish tendency:f; < f, andf; < f4. This systematic behavior, observed
the transference procedures between related molecules and, itn pyridazine as well as 3,6-dichloropyridazine, can be due to
the present section, to analyze the physicochemical meaning ofthe fact, proved a long time agfband easily checked by the
the force constants in VICs. The complete numerical results Hiickel molecular orbital methot, that pyridazine shows an
are available as Supporting Information (Tables XIS and XIVS alternation of bond orders in contrast with, for instance, pyridine,
for pyridazine and Tables XVS and XVIS for 3,6-dichloro- pyrimidine, pyrazine, and-triazine>? This indicates that the
pyridazine). In this section, using the 111 and 31 force constantselectronic structure of this molecule is shifted from the aromatic
in VICs for the in-plane and out-of-plane vibrations, respec- structure toward the Kekulgtructure, which has double bonds
tively, we consider the physicochemical significance of the most between the C and N atoms and in the CC meta bond. However,
interesting force constants in terms of the previously mentioned in pyridine, pyrimidine, pyrazine, argltriazine, the two possible
canonical internal coordinate system. Also, we refer only to Kekulé structures are topologically equivalent, so they both
those force fields which gave the best fits to the experimental contribute with the same weight, giving similar orders to the
data and the smallest uncertainties for the refined symmetry bonds. In particular, spin-coupled theory, when applied to the
force constants [i.e., MP2/6-311G** and B3LYP/6-31G*(scaled) x electrons of benzene and the heteroaromatic molecules
potentials]. Some other potentials, which are interesting for a (pyridine, pyridazine, pyrimidine, and pyrazine), obtained the
comparative study, for example, the force fields transferred from resulf? for pyridazine where the Kekukgructure with a singlet
benzene, are also mentioned in the discussion. coupling of & electrons on the adjacent nitrogen atoms
In-Plane Canonical Force Constant§€onsidering the ring- contributed 20.5%, whereas the other Kékfiblem had an
stretching force constants (i.é, o, f3, andf, of pyridazine occupation number of 54%. On the other hand, the remaining
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TABLE 10: Aromaticity Indices for Azines

compound R@ RE (MP3/6-31G**//6-31G*} cal¢ obs
benzene 1.751 36.0 153 143
pyridine 1.731 34.2 117 105
pyrazine 1.739 32.0 74 70
pyrimidine  1.727 32.6 78 70
pyridazine  1.716 26.1 50 50

a Resonance energy (RE) calculated from the energies of hydrogen-
transfer reactions; RE antHgssare in kcal/moP® P Ring current index
(RCI; Jug, K.J. Org. Chem.1993 48, 1344).cBased on MP3/6-
31G**//6-31G* energy changes.

three Dewar structures contributed 85% each. All of this
evidence points to a low aromatic character of the pyridazine
ring, especially as compared with the other azitfe¥he
structural indices of aromaticity listed in Table 10 indicate, as
a rule, the same trends in the estimation of aromaticity of the
azine serie8? The aromaticity of azines, and especially of

pyridazine, is reduced relative to benzene, as is evidenced bydi

the ring current index (RCI) values (Table 10) as well as by
the resonance energies (RE) values calculated from the energie
of hydrogen-transfer reactions. The relatively low RE values
of pyridazine compared to those of benzene are explained
primarily by changes in the system that occur in passing from

the conjugated system to the reference system (i.e., by factors

such as the compression energy that are included in the so
called empirical resonance energies). Another factor that may
be responsible for the lower resonance energy of pyridazine is
the difference in bond energy betweerbonds involving the
NN group in the azine and its reduced fo?hilo support these
arguments, calculated and observed data of dissociation enthal
pies for benzene and the azine series are included in Table 10
Considering the numerical values of the force constants, it
can be seen in Table 9 for pyridazine and its dichlorinated
derivative thatf; has significantly lower values than those for
a typical N=N stretching (10.347 aJ7);5¢ on the other hand,
f, presents values significantly larger than those of a CN single
bond (3.756 aJ A2).56 Finally, the CC stretching force constants
(f; andf,) are both larger than the CC stretching force constant
in benzene (4.892 aJA),* especiallyfs, as should be expected.
With the force field transferred from benzene (not include
in Table 9), we observe the tenderfgy> f, andf; > f4, which
disagrees with the considerations explained above. This con-
tradictory result may be due to the fact that the same value for
the stretching force constants of the entire starting ring was
considered in the initial force field. Such a value corresponds
to the CC bond stretching value of the prototypical benzene
aromatic structure. Both would lead to contradictory results.
With relation to the CH and CClI stretching force constants,
fs (fcy ortho with respect to the NC bond anidc for
3,6-dichloropyridazine) anfd (fcy meta with respect to the NC
bond), the initial force fields for the parent molecule gfye
fs (Table XIIIS). However, after the refinemerit, is slightly
smaller thanfs. For pyridazine, the former presents values in
the range of 5.1465.152 aJ A2 and the latter between 5.231
and 5.213 aJ A2. In comparative studies of force constants
relative to CH displacements, difficulties appear when the values

d

J. Phys. Chem. A, Vol. 105, No. 41, 2004363

With respect to the relatiofg < fs, this is a contradictory result.
We expected to find the meta CH bond stronger than that in
the ortho position because, in the last case, the proximity of
the N atom, more electronegative than C, would be expected
to distort the electron density of the CH bond, weakening the
bond and making the associated stretching force constant
smaller.

The CCI and CH stretching force constants of 3,6-dichloro-
pyridazine {5 andfs) were calculated with values between 3.820
and 3.891 aJ A2 for the former and between 5.198 and 5.203
aJ A2 for the latter. The constarfig has values between those
observed foifs andfs in pyridazine. When the values &f are
compared qualitatively with those for the CCI stretching force
constants ir-, m-, andp-dichlorobenzerfé (3.817, 3.717, and
3.713 aJ A2, respectively), it is observed that the interval where
fs is calculated is closest to the value of the force constant of
o-dichlorobenzene, which does not present the same relative
position as the Cl atoms in dichloropyridazine.

The force constants corresponding to the CH (CCI in 3,6-
chloropyridazine) deformation orthé§ and metafgs) with
gespect to the CN bond are shown in Table 9. The theoretical
and scaled force fields predi€t, to be larger tharf;;. This
tendency continues after the refinement. While the higher
electronegativity of the nitrogen atom should deform the electron
density of the ortho CH bond of pyridazine during the bending
movement, the above tendency could be due to the repulsive
interaction between the electron density of the hydrogen atom
and the lone pair electrons of the nitrogen, which causes the
associated bending force constant to be larger than those
associated with the meta CH bond. For this latter bond, the lone
pair electrons of nitrogen are far from the hydrogen atom. For
the dichlorinated derivative, the two force fields predigtto

be significantly larger thafi;. This behavior can be explained
by considering that the electron density of the voluminous
chlorine atom interacts with the lone pair electrons of the
nitrogen atoms during the bending movement. This tendency
continues after the refinement with values fgrbetween 0.854

and 0.946 aJ A2 and forf;; between 0.502 and 0.506 aJ?A

The results are supported by compariggandfi; in pyridazine

and 3,6-dichloropyridazine; in the latter molecule, the difference
between the constants is larger because the interaction of the
electron density of the Cl atom with the lone pair electrons of
the nitrogen atoms is also larger than that between the electron
density of the hydrogen atom and the same lone pair electrons
in pyridazine.

With respect to the interaction force constants, it is noteworthy
that the values of the NN stretchirgara CC stretching force
constant fi4) are on the order of 2.070 and 1.930 aJ2Aor
pyridazine and 3,6-dichloropyridazine, respectively, after refine-
ment. These values are larger than those of the bond stretching
and CH and CCI deformation diagonal force constants. A similar
situation has been observed in benz&nehere the para CC
interaction force constants gave a value of 2.107 2 ihereas
the diagonal force constants for CC and CH bending were 1.369
and 0.993 aJ A2, respectively. Just as witlfys, the CN
stretching-para CC stretching interaction force constah)
shows high values, even larger than those for the diagonal force

to be compared have been calculated, on the one hand, fromconstants of ring and CH and CCl deformations. Tliysgives

harmonic wavenumbers and, on the other hand, from anhar-

values ranging between 1.834 and 2.111 a* for pyridazine

monic wavenumbers. Thus, in the present work, we have usedand in the interval between 1.808 and 1.893 a3 for 3,6-
anharmonic wavenumbers, whereas harmonic frequencies werdlichloropyridazine.

used for benzene by Goodman et*aHowever, we should

In general, the ortho and meta ring-stretching interaction force

mention that both series of values mentioned above are smallerconstants gave values significantly smaller than thodg arfid

than the CH stretching force constant of benzene (5.5478J A

fs, and they are always positive (Tables XIIIS and XVS) except
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TABLE 11: Canonical Torsion Force Constants of Pyridazine and 3,6-Dichloropyridazine in Terms of Simple VIC&P

pyridazine 3,6-dichloropyridazine
MP2/6-311G** B3LYP/6-31G*(scaled) MP2/6-311G** B3LYP/6-31G*(scaled)
force constants initial refined intial refined initial refined initial refined
f2(\N torsion) 0.097 0.139 0.108 0.153 0.097 0.109 0.103 0.103
f4(NC torsion) 0.147 0.159 0.151 0.163 0.132 0.165 0.135 0.169
f5 (ortho cC torsion) 0.154 0.134 0.161 0.121 0.142 0.162 0.144 0.194
fe (meta cc torsion) 0.169 0.145 0.179 0.127 0.176 0.167 0.182 0.212

aForce constants are in units of aJ?Ab The ortho and meta positions were defined with respect to the CN bond.

for f15 (the CN stretching-ortho CC stretching interaction force These two opposite effects can explain the reorganization of
constant) andyg (the CN stretching CN stretching interaction  the torsion force constants with respect to the values found in
force constant) whose values are negative with the MP2/6- pyridazine.

311G** and B3LYP/6-31G* force fields. There is agreement in magnitude and sign in most of the

The rest of the interaction force constants give, in most cases,interaction force constants from the various initial force fields.
similar values (sign and magnitude) with the various force fields Most of these constants are very small as shown in Tables XIVS
tested. In general, the force constants with the most variableand XVIS.
predicted signs correspond to those of small magnitude, while
by contrast, other more significant values agree in sign when
calculated from the various initial force fields.

Out-of-Plane Canonical Force Constanihe CH and CCI
wagging force constants of pyridazine and 3,6-dichloro-
pyridazine {i;' andf,’) are shown in Tables XIVS and XVIS.

All of the force fields predicted;’ to be larger tharf,'. In
particular, for pyridazine, the nonempirical force fields g&yve

as approximately 0.015 aJ A larger thanf,. After the
refinement, this difference was increased to approximately 0.040
aJ A2 Specifically, for the two nonempirical force fields
considered, the value &f is 0.295 aJ A2 and those of,' are
between 0.261 and 0.240 aJ? These results are similar to
those obtained for tetrazirté,where the CH wagging force
constant was 0.264 aJ A

The torsion force constanfs, f/, fs', andfs' are shown in
Table 11. Their values predicted from the theoretical and scaled
force fields are smaller than those obtained in benZefoe
the CC torsion force constant (0.335 aJ2f Moreover, for
pyridazine, it can be seen thigt < f5' < fg' < f' [i.e., the NN
torsion force constanty) is the smallest, the CN torsion force
constant i) is the largest, and the ortho CC torsion force
constantfg') is smaller than the meta CC torsion force constant
(fg')]. This behavior agrees with that observed in the ring-
stretching force constants. In that discussion, it was pointed out
that one of the Kekulstructures of this ring is predominant:
the one with double bonds located in the CN and meta CC bond.
The torsion force constant associated with these bonds would
be expected to be larger becausestEharacter of these bonds
is also stronger.

For 3,6-dichloropyridazine, the same torsion force constants
(i.e., fg, 4, fs', andfs') were calculated from the theoretical
and scaled force fields to have the following tendenéy: <
fy <fs <fg. After the refinement, this tendency was maintained
except with the MP2/6-311G** force field where the value for
fs/ was almost the same as that fet

The tendencys' < fy < fs' < f¢' disagrees with that found in
pyridazine (i.e.f3 < fs'< fg' < ). The latter was justified
considering the Kekulstructure with the double bond located
in the CN and meta CC bond of the ring predominantly; thus,
it would be expected that the torsion force constants associate
with these bonds would be larger. However, in the chloro-
pyridazine molecule, there is another factor with the opposite
effect. That is, the stabilization of the system which results
during the torsion when the electron density of the chlorine  Supporting Information Available: Tables IS-XVIS and
atoms is localized outside of the molecular plane which contains matrices for force constants. This material is available free of
the sp orbital with the lone pair electrons of the nitrogen atoms. charge via the Internet at http://pubs.acs.org.

IV. Conclusions

Through theBBT diagonalization, the redundant relations
among the VIC sets defined for our two molecules were
obtained. In each case, an ISC set was calculated by an
orthonormalization procedure with respect to these redundancy
relationships. Force fields in canonical form were used to carry
out the force field transference between related molecules (i.e.,
benzene-pyridazine and pyridazine3,6-dichloropyridazine).

For these two molecules, the behavior of various initial force
fields subjected to an empirical refinement by a least-squares
procedure was analyzed. In summary, the B3LYP/6-31G*(scaled)
and MP2/6-311G** force fields for the two molecules and the
force field transferred from benzene for pyridazine showed the
most satisfactory and systematic behavior throughout this series.
In general, reliable values were obtained for the diagonal force
constants, which showed similar values from the various force
fields tested; by contrast, discrepancies appeared with interaction
force constants, which also were accompanied, in some cases,
by significant uncertainties.

From the most reliable force field in ISCs, it was possible to
find physicochemical interpretations of the values of the force
constants in terms of VICs in canonical form. In particular, the
ring-stretching and torsion force constant values as well as those
of the CH and CCI bending force constants were analyzed
through the electronic structure of these systems, yielding quite
reliable results.

Although the results have not been completely definitive for
the pyridazines, significant conclusions have been drawn relative
to their force fields. In addition, this study represents a first
attempt to explore the potential of the canonical force fields on
large molecules and, in particular, cyclic systems. The results
point out the broad possibilities of these harmonic canonical
potentials. Thus, although limitations have been found with the
available experimental information, the resulting force fields
in VICs have been shown to reveal physicochemical insight.
In addition, the conclusions obtained from this work suggest
future research, testing the transference of the force field from
benzene to pyridine, as a more favorable example, and from
there checking the transferability through all of the azinic series.

Iso, it would be interesting to explore the evolution of the
nteresting relations obtained in the present work relative to the
aromatic character of the azinic rings and the influence of the
inclusion of different halogens in the parent molecules.
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