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ABSTRACT

The infrared spectrum of diaqua tetra- ji - formato dichromium (1) corminiex has been obtained in the
frequency range 4000 to 400cm™'. A normal coordinate treatment performed on the 1.1 medel of the
complex gives calculated frequencies in good agreement with the observed ones. In order to assign bands
and to see the coupling between various vibrational modes, the potential energy distribution in each normal
“vibration was calculated with respect to each symmetry coordinate for all the in-plane vibrations. The
“results show that in spite of the effect of coordination some of the formate ligand based vibrational modes
remain localized, though others such as v,,(COO) and 5(HCQO) couple strongly with ring deformation. The
analysis also indicate that bands at 464, 537 and 540 cm™ are assignable to v. (CrO0) coupled with ring
de?B'rmation, Cr-Cr mode coupled with & (Cr-Cr-O) bending and v,. (CrOQ) coupted with &,. (C-O-Cr)
- bending, respectively.

Keywords: Infrared spectrum, normal coordinate treatment, in-plane fundamenta! vibrations, tetia- j-
formato dichromium (i) complex, 1:1 (Cr."": HCOO') complex model

AINTRODUCTION

Because of the interest in the nature of the M-M quadruple bond. the vihrational spectra of
complexes containing such bond have been studied. As for tetra- p- carboxylato dichromium. (i)
Cry(O,CR)Lo(where R=H, CH,, etc), which also belong to this class, the only available data on their
“vibrational spectra are of the infrared spectra observed by Nakamoto (1961} and Ford (1983) and their
colleagues. Both groups measured the infrared spectra of the adducts of tetra-u- acetato dichromium (1)
‘but reported bands which they empirically assigned to v(COO), v(NCS) and v(CS) only. No information is
‘as yet available on the band assignments of the fundamental vibrations of these compléxes, either from

empirical or a normal coordinate analysic

We have observed the infrared spectrum of solid fetra-ii- formato dichromium (I} dihydrate.
Cry(0,CH), (H,0),. By comparison of its specirum with the result of a normal coordinate treatment on the
1:1 complex, assignments of the various in-plane fundamentat vibrational frequencies of the complex has

been made.
EXPERIMENTAL

‘Tetra-u - formato dichromium (1) dihydrate, Cr(O,CH)4(H,O),. was prepared according to a reported
method {Cotton and Rice, 1978).

A Matson Genesis FT-IR spectrophotometer was used to obtain the spectrum in the range 4000 to
400cm™. The nujol mull method was employed for the preparaticn of the sample. The absorption curve and
abserved frequencies are presented in Fig. 1 and Table 1, respectively.

CALCULATIONS

From the crystal structure of Cr-{(O.CH). (H,0), reported by cotton and Rice (1978), each HCOO
group is attached to a Cr,"' diatomic frame forming a bridge ring or a 1:1 (Cr."'/HCOO') complex shown in
Fig. 2(b) and there are four such bridges per molecule. In order to study the effect of coordination on the
fundamental frequencies of the normal modes of vibration of the HCOO ligand in the Cry{O,CH)4(H,O).
molecule, a normal coordinate treatment has been made on such a bridge ring or 1:1 complex model. This
will also enable us study other important normal modes of vibration of the complex such as those.involving

A. UZAIRU, Department of Chemistry, Ahmadu Bello University, Zaria, Migeria
G. F.S. HARRISON, Depastiment of Chemistry Ahmadu Bello Universgly, Zaria. Niceria
A. ADAMU, Department of Chemistry, Ahmadu gelio Liniversity, Zaria Nigeria




82 A UZA!RB‘ G. F. 5. HARRISON and A. ADAMU

Table 1. Comparison of ubserved and calenlated frequencies in Cr(J1) formato compléx (em))

HCOO™* Cr{0.CH)(H,0). Av Shift
Species Assignment Frequency Observed freq  {alculated freq. ';‘\;signmé;)iw i
A,
vy v{C-H) 2841 2854 25vs 287081 VC-HY 4 StHCO) +13 725
Vv, wC00) 1366 1346 ,57m.sh 135024 W (TO({} + DOCO) 1993
Vy - - 463 64vw 45038 Vi TrO0) + ring def -
LA - - 537.59m 340 38 VCr-Cr) + HCr-Cr-O)
»—Cr
v, WHCO) m 766.96m 760 58 s b -5 04
O--Cr
B,
Ve wWCO0) 1567 1582 75vs 157918 V(COO) + ring def +18.75
v - - 540 09Om 54427 V(OO0 + (C-0-C1) -
Vg SHCO) 1381 1378 85vs 138572 AHCOY + v CO0) +1.85
v, - - - 82 49 riny def. -

® gualitative band assignments and observed frequencies taken from Nakamoto (1978) for solid HCOONa

Table 2 Symmet:y conrdinates for the 11 complex

Symmetry Coordinate Vibrational Mode”

S, A 'Asgedes wC-11)

8, = X/é’(z\d + Ad") WCOO)

S, = %ﬁ(t\r + Ar') wCrO0)

S, = AR VICr-Cr)

Ss =‘X/'§(Aﬂ + 44" SA1C0)

S, - Ae NOCO)

S, = %/2“(1\0! + Aa’) SCOC)

S, = /ﬂ(ms + AS") BCT-Cr-0)
B, species

S, = %/Q(Ad - Ad") VCO0)

S = X/i().\r - Art) WEI00)

Snf %/é‘(l\ﬁ - AfY) SHCO)

S, = %/j(/\a - Aa') ' SCOCT)

Sp = /,/i(A 8 - AS") BCT-Cr-0)

"y, stretching mode; 8, bending mode
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Cr-O, Cr-Cr, ring, etc. Because the shifts in HCOO™ fundamental frpquencies observed in the spectrum of
the complex are small (Table 1), coupling between bridge rings are considered negligibie. Thus the 1.1
complex model may be used as a good approximation for this purpose. -

The symmetry of an observed representative bridge ring or 1:1 complex such as the one shown in
Fig. 2(b} is Cg, with its twelve normal vibrations separable into 9A’ in-plane and 3A" out-of-plane vibrations.
For the sake of computational convenience, however, we have replaced the values of bond distances and
angles of the observed representative 1:1 complex with their averages (Table 3) thus obtaining Fig.2(a).
The latter 1:1 complex has a C,, symmetry and the twelve normal vibrations are partitioned into 5A,+ 4B,
in-plane and A, + 2B, out-of-plane vibrations. In the present study, only the nine in-plane vibrations are
calculated-ali of which are infrared active in both C; and C,, Symmetries. The x-ray data reported by Cotton
and Rice (1978), from which we extracted the one given in the second column of Table 3, reveal that
Cry(O,CH),4 (H,0), molecule is a distorted or an unsymmetncal molecule. Thus all its vibrational modes are
infrared as well as Raman active.

The symmetry coordinates are given in Table 2, and the elements of the G- and F-matrices are
given in the appendix. The matrix secular equations of the form /GF-EA/=0 were solved for A,(8" order)
and B, (5™ order) species. The matrix equations involve three and one rédundant coordinates in A, and B,
respectively, which give “zero frequency” in the final resuits.

In order to express the potential energy, the Urey-Bradly-Shimanouchi force field was employed
{(Woodward, 1972). After several trials, a satisfactory set of force constants, listed in Table 4, was obtained.
In Table 1, the frequencies calculated from this set of the force constants are compared with the values
observed for Cr,{O,CH), (H,O), compiex. Agreement between the calculated and observed values is quite
satisfactory.

The Jacobian matrix (Nakamoto and Martell, 1960), given in Table 6, was calculated in order {o
investigate the sensitivity of each normal frequency to the value of each force constant.” This matrix was

‘Fable 3. Bond distances and angles in the Cr(11) formato complex

Parameter Cr {O.CH)11,0), Values used in this calculations

D 1.0807

d 1.252,1.203. 1 249, 1.264 1.257

r 2.026, 2 009, 2.017, 2.006 2015

R . 2373 2373

o 119.9”, 118.6" 12007, 119.8” 119 58"

p - - - - 118,50

8 88.3", 87 6™, 87 6", 88 1 $7.90"

& 125.3”, 124.47 124.85¢

% taken from Jones and Mcl.aren (1954) in CH,CO0 data
® taken as RCO angle in Cr,(0,CCH,),(11,0), x-ray data from Cotton et al (1971)

Table 4. Force constatnts of Cr(11) formato complex ( 10° dync/em) and relative atomic masses

Stretching Bending Repuisive
K, - K(C-H)=4.72 1, - IAP) = 0.32 F = F(H—0) = 0.02
K,= K'(C()O) =512 H, = H(Ag) = 0.65 ¥, = F((CCr) = 0.05
K, =K(Cr00) = 2.03 H, — H(Aa) = 0.91 E, = F(Q-0) = 0.09
= K(Cr-Cr) = 4.58 H, = H(A8Y = 1.97 Fy = B Cr)= 012
| Relative atomic masses
m, = 100797 -~ M.~ 1201735 m,, ~ 15 9004 m,. = 51.096
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used to adjust the. force constants to the observed frequencies. Finél@y. the potential energy distribution
{Nakamoto, 1970) in each normal vibration, which is given by ‘

V=%Q, L Fuli Ly,

was cach_llated with respect to each symmelry coordinate. The theoretical band assignment thus obtained
is shown in Table 7 with numbers indicating relative contributions from each symmetry coordinate.
DISCUSSION OF RESULTS i |

| .
it would have been .interesting to compare the force constants used in the formato Cr(il) compiex

(Tabte 4) with those of the free forwate ion. Unfortunately, such data-are simply unavailable for this ligand.
though there have been extensive study on the infrared spectra of free sodium formate (Nakamoto, 1978).
All the previously reported band assignments for the free fromate ions were empirical. Even for the HCOOH
molecule for whidy theoretical calculation of vibrational frequencies was done (Petterson et al, 1997) no
force constas: 5 were reported. However, the force constant values we obtained compare very well with
those found from normal coordinate analysis of chelating — acetylacetonato (Nakamoto et al. 1961) and -
oxalato Cr(I)) (Fujita et al, 1962) léomplexes. Looking at Table 4, it may be observed that the Cr-O force
constant, 2.03 X 10° dyn/cm, is the lowest amongst stretching force constants. This seems to suggest that

/the bridging bonds are the weakést in the molecule, though the K(CrOOj value may ot be that a reliable

" measure of the Cr-O bond strength because it is coupled to other vibrational modes as can be seen from
Tables 1 and 7.

Table 5 The Jacobian Matrices in Cr(11) formate complex

X, K K, X, H, i, i, H, F, F, T, F.
A, 006 0.01 0.00 000 028 0.21 012 - 005 016 -0.08 0.17 0.00 ¢
L 003 0.1 0.09 6.0 -6 14 T -0.32 015 om 022 030 »0.(;9-
- AN 000 004 ©. 024 612 009 136 0.36 043 008 017 028 045
A 002 | 0.00 | 0.09 0.15 0.07 /41'63 on 068 001 037 0 14 032
A o000 0.06 0.00 010 -Li2 l 0.39 0.16 026 022 0.18 044 010
A 0.12 0.00 0. 15 0.82 021 03 017 013 030 014
X 0.01 021 0.02 015 042 010 000 023 001 004
&y 0.06 0.00 0.56 000 001 000 005 0.02 000 001
A 0.08 003 0.09 0.18 0.27 019 004 016 313 020
Table 6. Classification of the 12 fundamentals of the 1:1 Cr(11} formato complex
Cq Cn Assignment in Cy
9A'(IR,R) SA({IRR) V(C-H) + & ii(;O), WCO0) + H{OCO). W(CrO0) + ring def . W(Cr-CY + §(Cr-Cr-0),
r
s i
Ny
4B,(IR.R) WCO0) + sing def . WCrO0) + HC-0-07), SHCD) + OO, ring del
3A"(IRR) AR Ou . »
WBARR) Qut of-plane

R, Raman active; IR, infrared active
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£

Table 7 The potential energ distribution. F, L for each normal made of vibration

Symmetry coordinate

Assignment
A, species S, S, S, S, S, S S, S
v 100 017 006 0.00 05l 012 0906 009  WC-H)+~ HHCO)
A 026 100 0.00 .00 002 063 031 0.18 VICOO) ¢ SOCO)
vy 000 0.16 100 0.00 004 0.09 056 066 WCTOO) + ring def,
v, 0.00 0.12 0.00 1.00 001 000 018 043 V(Cr-Cr)y + ${Cr-Cr-0)
, e’
v, 028 0.14 002 0.00 jon 045 037 058 a-C7 it
“O—=Cr
B, species S, S S S, Six
Vs 1.00 000 0.12 .60 055 VICOO) : ring def
vy 6.00 1.00 007 048 0.14 V{CTOD) * §(C-0-Cr)
Vs 039 0.0 1.00 a0 023 BMHCO) + W(C-0)
Vo 028 002 0.00 0.56 1.00 sing def
N n
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Fig. 1. The infrared spectrum of Cr,(0,C11,(H,0), complex.
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Fig. 2. The interatomic distances and angles of the 1:1 complex.

As is shown in Table 7, strong coupling occurs for most of the normal vibrations. This is anticipated
on theoretical grounds since the symmetry of the complex is low and the force constants of some of the
groups are similar in magnitude. Thus empirical band assignments based on the idea of simple “group
frequencies”, as was done for the free HCOO™ (Table 1), may be misleading in the bridged compounds. The
classification of the twelve fundamentals of the 1:1 complex is shown in Table 6 for both Cs and C,y
symmetries. Of the nine in-plane fundamentals we could observe eight bands in the range 3000 to 400cm’’

Table 1 indicate that the agreement between the calculated and observed frequencies is quite
satisfactory. However, the v(C-H), vs(COO) nd 8,,(HCO) modes remain primarily ligand vibrations, although
the calculations show that they are coupled to §(HCQO)-, 5(OCO)- angle bending and v(COQ) local modes,
respectively. The other two ligand modes, v,, (COO) and §;(HCO), are each coupled to in-plane ring
deformation and respectively suffer blue and red shifts. Other important modes, if not more, are the
vibrational modes involving Cr-O and Cr-Cr groups. As is shown in Table 7, these groups interact with other
modes; vibration of the Cr-Cr group is coupled to §4(Cr-Cr-O) whereas those of v, (CrOQ) and v,,(CrOO)
coupled strongly with ring deformation and 5,(C-O-Cr) angle bending, respectively. Lastly, this normal
coordinate treatment reveals that though the asymmetric ring deformation mode is a pure vibration, the
symmetric ring deformation couples with 8,(HCO) to give rise to a whole bridge ring in-plane deformation
vibrational mode, vs. In order to evaluate any coupling effect between the bridge rings, i.e ligand-ligand
interactions, quantitatively, the normal coordinate would be extended to 1:2, 1:3 and 1:4 (Cr,"" HCOO)
complex models on the basis of the same set of force constants, and the results will be reported in our next

paper.
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APPENDIX

G - Matrix elements of the 1:1 complex

A, species

) 1 1 . V2cosp . . . —sing (D + dymy, + dm,.
Gzt G = G=0,G =0, G=—p :
M m,. ¥ dm,.m,,

. 2cosf(cose-1) | I (r+ d)cosacosfi (r-d)sing | N [+ cose i
Gy = ; > Mg = ; , Ge=0,G,,=— - 4 —
m,. sing V2 dm,sina T om m,,

G =0, G 0. ¢ - SO8PLe0sE — XD + D) + (c0s® f - cose)(d® + )
15320, Gy = 0, Gy = T - 2Ddm,.sin )

~[»—L d( ! ~—l~—]] sinff, (17(. = JZ sne .Gy, =( R ._l_f:.?q” cose d cosla t L;)~+ —l—f-smr) ! 4

LY ( +
D * 2m,, m, ’ dtma 2 sing 2d m..

+ = — - —sina = — .
2

l(2r~ dcosa d . J 1 ('; 1 (] R) cosa com‘) +cos(a 1+ &) o ] 1
- e (e e Y P m g
" dtang r T r) m,, sing Y om, o om,

V2 coss y D*(sind - cosfcosa )+ d*(cosfsind - cosa) 0

Gy=—""", G = —— . , G, =
* m, ¥ -~ 2Ddm, s g ¥
\ (2 cosa) 2d-r(cosa-1) . - 5 5 [ 3]s 2
G, = __( , Losa ] + r(cosa - 1) P = _(f‘l?(....‘,)_f_fﬂq.‘_ [ 2, FT.‘)-], G, =2
Y tana\m, m, dm, tang a2 m,., sing R s
. , . 1 d-cosa cosd + cos{a + 5)) | -1 sind
Gu=0, Gup=0, Gyy= (sm()’ 4 -~ ( ) ( ]—"
: N r sina T2V T m,
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G - (] ci)_s,,;‘?wfm?ﬁ) u_]_' (d sin /f&i)({) dmsﬂ ’I)cm ) :L o
s sinfitanf ) m,, 2d’m,. sin* 8 1dm,. sin Tp"

Dy dt Zl)doos/!J
-+

x {I3cosfcoss(Deosf - d) + d*(coss - cos® )+ 1P (sin® f - cos® p)} + e

L (1)2+2in
2m,\d* D)’

i 1 . .
Gy = T{ e[ [ )(COS £ - 1 )OS COSE - cOSA) + d sin® £ 1 2d cps” f(cose - 1)+
S

dm,. sin fsing

1 . ,
+ ————————{[(INcos& - 1)(cosflcose ~ cosf)+ dsin’ £ + 2d cos” flcose - D]
Dm,.sinfising ’
l-cosge | & G r Wl D S(d Y- 2dcosa
. < 3¢ - 26D i
* m, smct:mﬁ b coc[]. =54, m sine cm// lcosa cos fitd cosfi + D)+ sind(d cosfi - deosalt

‘m;—azlcosa cosfild cosff~ DY+ sind(D) - dcospy+ sina(deose - Deosfsing) s 2cosa cose(Deosf - d)bs

ZI)dm sing sinfi

. - . - 2 . -
[ D{cos fisina sing - cosa cosfl - sinS)+ d(cosfisindS A4 cos” ffeosa - sing sing )[4

. . l .
(l) dc«.w/f)(smé~ C()s(f‘-’(;(wyﬁﬂ) I l)(r (I(m:a )((‘osa co%/f cqn?) R d lcos” f(roosa - d) 4

2Dm,. sina m)/} 2d° m,sing sinf 2rm,, sing sin fi

i [ Dr cosd(sing - 2cosa cos i) + cosfsina sind
el — 4

+ cos fesind(d cosa - r) + dsin’ ], 5, = = i ing
i/ ( ) 1, Gy I\ dr sinflsing

d (cos5(cos f sin - 2 Vo si . (Y]J [ . 2(I~cosz,) 2
+ T COSO(COS /F S — £COSr ) + Sina SIN T, Yoo = T
Dsinf n, . m,
201~ _cosc) 2 . 1 |r (cm:.r ])(? cosa + sm(x 9m1) (cose — l)(( OS£ COSa 1 oos(a + L ))
6(6 B e e (’67 = —ymx g St e -(0 +
m,. m, N2 | d m,. sing sing ; m, sing sine j
(r - dcosa)(cose cosa + cos(a + ¢))
+ -+
Jz m,,dsina sing

[d cosa(cosa + cos(a + ¢)) + r(cosa — cos(n + r)))}
rm, Sin £ COS &

i R ,
Gy = \/i {-r-—s:;;:';g[cmg sina singd - cos(a + §) - cosd(2cosa cose + cos(a + ¢)) |+

1 , R
+ ————<[cose(2cos f cosd ~ sing sind) - cosd sina sing - cos(a + &) —
s ¢ sind n
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1 21+ 3cos® a 2r C . 1
G, == - 4 —|ecosa cos(a + £)4 Ccosqg Sing sing + cos(28) - sin® §la4 I —1
2 d sin’ o dsin? @ Jm,

1 I . ‘
+ (WT =[P’ (14 3cos’ a )+ cos? a(3d? - 2rd cosa )+ d(d - 6reosa)]+
2\d?sin’ &

| R 1 | ) / 1
pr———|d? sin® ¢ + cos’ @ Qrd cosa - FT) ¢ H(F - 2(1cosa)|} Pl ,_(( P eosa - (i_) },,;w_’
n

r?sin? g m, 2 sin’ ¢ v .
. R (d - reosa )(cosa cosd + cos(a i 5)) 1
Gy = ( """" ~—=[rcosa cos(r + §)+ cosd(r-
2 dr sina sind rSing coso
) ) R(mw coqo i’ uss(a ! A )) + I(cn\() «m « sm & - 2c080)
- dcosa + rcos’ @)~ dcos(a + §P--—1 | - e s
A rsina sing
r 17
e | COS 7 (COS(25) - sin® )+ cosysing sing - coslea 4 )1 - Jeina(sing - cosa )+
Rema sinéd reing sing
. ' ) d
+ cosd cos(a + &) + 2cosa cos(28)]+ ————=[(rcosd - R)}cosa cosd + costa + SN},
Rrsing sind m(.,

G = 5 [1?)2 | L }(1 }‘ “[sin” O(R7 + 17 )+ zivrcosd(cos® § - 3)]+
Teg = 2 Py + ., 2 + }” Gln () Sm C Vot Live S¢ S ¢ .

&

2; 2 _
[Z(Rcosé rycos(2i)j+ —— [2@0«(2(5 X Rcosd - ri]+

R I s
Rk 1 ]
+ [7‘{{ R‘g:;"yéf[Rz sin’ & (1- 2 cos’ (5)()‘2 Rr COS(?)]] ’:

B, species

G o lmeose Ul ML A [ LI ] g Peospleoss N+ dicos’ f- cose)
o, ¥ m, TR m. 2m, sin m (Dt d)sin B )
G ( r_ cosa coss + cos(a + £)  rsin a) i [21‘ cosa -d(cos’ a + 1) d sina] i
M1 \dtana 2sing 2d | 2d sina r 2 Jm,’
G r(cosa cosd + cos(28)) - R{cosa cosd + cos(a + 5)) G 1 i

by = : , Gp=—+-—

3 2rm,, sing 2 m, mg,

[) (sind - cos fcosa) + d*{cos fcosd - cosa) G - i f i . cosa ) . z{icosix_:ﬁngiﬁz
- 20%m,, sin § " analm, 2m, 2dm,, siva

G ¢(r l} sind  cos(28) 4 cosd -sin’§ ( 2c08’ f- C()S.‘.‘} ] l(d2 sin® £+ D()- 2d cosf - Deos” f)
i - LN T -

m, © 2m,, sing sinJtan § d’sin” g1

~Jcos” J(D cose- @ )4 cose(d” - 2Ddcosfl) v D (sin’ f- cos® A)] 1

2
Ddsin’ g e

m,

S

Dy d’ - Zl)a’coqﬁ)
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"Bz'smcies
= fu- I N Ja> = flm v P Saes 10, l'i'z, = f.. Iy 0, 1"'74 S

D . o R . CO Ty _ R SE ,
Fa=tss Fa=fp, =0, _1'3s =0, Fyusty, luw=00 Iy f

Force Constants ip-Urey-Bradly-Shimanouchi Force Ficld
k] -' Ty 4 v’ y 2 . ;», 0 aad 2 », “+ v . » b, -, R )
Jo = Kt 200w s) 1), =Ko vl 4 s7lq4 ’321'2 eyl el vsily, fo= K 1:1‘2 LA

7. . , ! g . d ! 2 . " 24
CER ESEL oz K ACI AR, Sy = By s s B BEL S HyesUY 4,

' T g . r |, "’_ - . ) .’ . . (
So = Hy- 558, dI v 1, fi= Ho- 5.8 N]’é./"‘ LT PR AV RV I /g S 75/, 4

!

. . 2 . ! . . S N . . . . . .
50k, Ju=-0 1'_ T DO PR N0 DU X 3 DO Sap = 6800 v s g fo = sy + sy,
’ ',
Jaw =480 4,615, fp = (61714 vs5 00, f= 143.‘1', $ 8,000, s = 4805 4 sty
. 4 -y
Jrs = 1651 Hy 4 56t l

t,=dsinlp, . 1,=Dsnglp, ., t,=rsinafp..., t,=dsingfp. .., I = dsins/p,,,_;, ,
1, =rsindfp, .., 1, = Rsind/p, .,
si=D~dcosf)p,. o, 5, =~ DecosPfp, ., $,=d-rcosadp. ., ,5 =r-dcosa) p...,
sg={d-dcose)p,.,, 8, = (R-rcoss) p,, ., 8 = (r- Rcos«)') Posi |

Pro=DPed? - 2Ddcosf, pl.,, ~d +r?-2drcosa. pl,=d* i d?. 2ddcose ,

2 - . . B Y .
Poze, = R4 r? = 2Rrcosé , .., Is the distance between non - honded atoms i and J.





