LINEAR OR QUASI-LINEAR
— THAT IS THE QUESTION
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/ I n t ro d u Cti O n Ave ra g e d g e O m et rl e S CS O H State  Eujom~' __ BJom™ /A L (A (rpcos nyA | (mpcos A (P)(EP )ideg

g.S. 0.0 0.18436 2.3987 0.9754 2.3982 0.9246 17(9)

ust! 362.0 0.18311 2.4108 0.9775 2.4106 0.8764 26(9)

Uz 380.0 0.18323 2.4100 0.9754 2.4096 0.9242 17(9)

) ) ) ) ) 2U20 699.1 0.18345 2.4120 0.9778 2.4115 0.8270 30(15)

When spectroscopists determine the bond lengths of linear triatomic molecules : Uz +Ug 739.0 - 0.18200 24223 09775 2.4222 0.8761 26(9)
Coordinates and 2us 7574 0.18210 2.4215 0.9754 2.4211 0.9238 17(9)

U4 3691.0 0.18408 2.3983 1.0085 2.3979 0.9520 17(9)

from experimentally derived By values, they sometimes obtain values much too :
axis systems

used to describe

short to be in keeping with chemical common sense. This is often said to be

‘ S O D State E,i/cm ™ B,/cm™" (ri)A {rs)A  (r; cos n)/A (rpcos YA (O )(OP)ldeg
0.0 0.16726 2.3981 0.9707 2.3974 0.9349 14(8)

“because the molecule is quasi-linear”. In most cases, however, this statement gs. .
_ _ 9 _ . _ CSOH and FeOH u,*! 2752  0.16667 2.4075 0.9723 2.4071 0.9005 22(8)
is not based on firm knowledge of the bending potential responsible for the Us 3736 016629 24090  0.9708 2.4083 0.9348 14(8)
. . . . 2Ui21 529.8 0.16725 2.4086 0.9725 2.4076 0.8615 26(13)
shorter bond lengths. Since the average structure of any triatomic molecule is Uz +Us 646.2 SENONIBO0S)  2.4185 BENN0I972S 2.4182 0.9003 22(8)
2u3 743.1 0.16532 2.4201 0.9708 2.4194 0.9346 14(8)
bent (with the averaging being done over the ro-vibrational wavefunction), U1 27215 ISR 23978 N 2.3971 e 14(8)

- . : : Vibrationally averaged structural parameters for CsOH, CsOD, FeOH, and FeOD are obtained by
quasi-linear behavior is common to all molecules, even for those with linear _ L _ ,
averaging over the rovibrational wavefunctions from a MORBID calculation.

equilibrium structures. In this sense, there is no linear molecule. FeOH o)< | (1'% | Egfom™ (rig)/A r)A  (rpcos A | (rpcos A (P )OP)/deg

—=n V9l —=n vo, [ g v, [ - 2 : : 0 0
_ : : L s , » : = (P22 @;22) with n = 1 or 2 and ®;22as the normalized bending basis wavefunction (0,0,0) 0 0.0 1.8049  0.9669 1.8045 0.7320 39(14)
Although this is true, there is a more rigorous definition of “linear” and “quasi- (P = (Pl |P71Ps) bend 9 (0,0,0)' 1" 72.8 18094 0.9684 1.8090 0.6861 43(12)
. ” . . : : : I : : . . : (0,1,0)° 2° 323.4 1.8025 0.9675 1.8020 0.7439 35(22)
linear.” We can classify the molecule as being linear when the bending with the largest contribution to the vibrational state in question. The quantum mechanical 0,1,0)' 3 5045 18095  0.9702 18091 06779 43(20)
. _ _ o _ _ - “Nie SA = (/AL _ s A\2\1/2 (0,2,0)° 4° 753.1 1.8090 0.9707 1.8083 0.6691 42(25)
potential energy function has its minimum at a linear structure, and as quasi- InEeiEgy @i z) s op S (@7 = @) 0200 5 10120 18137 09732 18132 06310 46(24)
. . . ) ) ) i . (0,3,0):’ 6(1’ 1290.6 1.8145 0.9737 1.8138 0.6138 47(26)
linear when potential energy function has a barrier at linearity whose height is (030) 7 1595.6 18185 0.9762 1.8179 0.5859 50(26)
(1,0,0)1 01 3831.6 1.8062 0.9987 1.8058 0.7240 39(14)
comparable to the zero-point bending vibrational energy. We discuss here Bond lengths in A (1,0,0) 1 3890.1 18092 0.9977 1.8087 0.6880 43(12)
dinearity’ and “quasi-linearity’ s point of vi (Cs-0) ~  r(O-H) — n(CsO0) n(O-H) ©0df | 1 | 789  isiod  oseer  istes | 06785 4312
linearity” and “quasi-linearity” from this point of view. CSOH Lide et al® 2391(2) 0.960(10) SYaE IEs 0,
In computational molecular spectroscopy, it is easy to distinguish “linear” and Conventional method 2.403 0.920 i N
i - - : : : CCSD(T)_DK3 2.4164 0.9575 FeOD (voa) (v 2 Eyfom™ (rip)IA (rs)lA (ripcos /A | (rpcos /A (P )(OP)deg
quasi-linear” molecules since we start from the calculation of the potential - (0,0,0° 0° 00  1.8060  0.9628 18048 0.7327 40(12)
_ _ o _ MORBlD - 2.4231 0.9742 (0,0,0)' 1! 36.8 1.8099 0.9631 1.8084 0.7045 43(11)
energy surface and determine directly the equilibrium structure. However, in a-axis projection 2.4227 0.9206 (0.1,0)° 2 fEEE  1.5006 EENRGNIEES Lo, 0.7749 33(20)
(0,1,0)0 & 331.6 1.8072 0.9644 1.8059 0.7147 41(18)
I i i I ' (0,2,0) 4° 501.1 1.8056 0.9645 1.8041 0.7172 38(23)
experimental spectroscopy, to obtain the information on the potential energy 6 ro(Fe-0) r.(O-H) ro(Fe-0) ro(O-H) (050 ; o011 o 18041 e o
surface it is necessary to assign and analyze successfully, in terms of a model, FeOH MR-SDCI+Q+E; A’ (A) 1.8039 0.9520 (U (O ) Lk 1.8100 Lt R 43(25)
| | - MORBID 18049 | 0.9669 H B B B
(many) observed spectral lines. If an unsatlsfactory model is used for the a)r-axis projection 1.8045 0.7320 (12010); 1; 2846.5 1.8090 0.9868 1.8075 0.7047  43(11)
analysis the resulting information on the bending potential energy surface % D.R. Lide, Jr., and R.L. Kuczkowski, J. Chem. Phys., 46, 4768 (1967). o o - e g S o)
y 9 gp 9y i ro values obtained by extrapolating the bending mode to zero amplitude (0,0,1)’ 1 720.0 1.8188 0.9640 1.8173 0.7008 43(11)
becomes incorrect. Ideally, the experimentalists need a procedure to determine \ 'D.R. Lidel, Jr., and C. Matsumura, J. Chem. Phys., 50, 3080 (1969). /
e Values
the shape of the potential energy surface at an early stage of their analyses.

For many “linear” molecules, such as X - and A -state MgNC/MgCN [1,2],
X °A FeNC [3], X °A FeCN [4], X °® CoCN [5], X “l1 BrCN" [6], and X &
CsOH [7], we have carried out ab initio calculations of the potential energy R - I C OH " _ b "

surfaces combined with variational solutions of the rotation-vibration Otatlona SpeCtra S rOtatIOn VI ratIOn SpeCtra
Schrodinger equation. In the same manner, we have studied the “quasi-linear”

molecule X °A’ FeOH [8,9]. As an example of a linear molecule we discuss in 5 0 W C'Q
detail X '¥* CsOH [7], and as an example of a quasi-linear molecule we discuss ° S Q

X °A’ FeOH [8,9]. 6 Q‘b
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of the transitions are indicated. 0.0 ‘ ‘ ‘ | ‘ Wavenumbe K/C !
A cla.ssical molec.ule with ? very floppy, Ia.rge- 0.0 2 5 50 7 5 10.0
amplitude bending motion. Its rotational 19500 ¢ .
spectrum was studied by Lide and co-workers Wavenum ber/cm 0.10
more than 40 years ago [D.R. Lide Jr., R.L.
Kuczkowski, J. Chem. Phys. 46, 4768-4774 V1
(1967); C. Matsumura, D.R. Lide Jr., J. Chem. — _
s, S, ThTS (1989 DR Ll - e § 1000 The low-temperature rotational spectra of S
Matsumura, J. Chem. Phys. 50, 3080-3086 $) -
(1969)] but no infrared spectra are available. é ~ 1 + ~ 6 c
The bending amplitude is so large that B, g X Z CSOH and X A’ FeOH are bOth ~ 005!
shows an “unusual variation” with v, as the ) > :
bending mode is excited, and although Lide and \”é - _ . . =
co-workers assumed a linear equilibrium ;3 500 progreSSIOnS Of nearly eqUIdIStant g
structure, they could not definitely conclude in .. =
the end that CsOH is a linear molecule. We transitions; we cannot use these spectra =
show here the bending potential curve,
calculated at the RCCSD(T) DK3/[QZP + g .
EOOARES (, 9. ] ol f eyl i O to determine whether the molecules are o ..n\‘
lowest .benc.iing energy levels land 3 5 20 A5 - ] o ' | | |
wavefunctions indicated. Apparently CsOH is a - I|near or q uaS|—| inear. 5685 5690 5095 5 /00
linear molecule, but the bending potential is p/degrees WQvemumber/cm”
very shallow.... S t . | t d b , 't' t T 1 2 K
pectra simulated ab initio at T =
2000 - B
For FeOH, no experimental spectroscopic data . ] . n "
are available but we have recently carried out Y I I l d —W q —I ty p I I l t
first-principles simulations of the spectra [T. a a a I n n eWI Sse r u aSI I n ea rl a ra e e r < 0 >(5_ )/de
Hirano, P. R. Bunker, S. Patchkovskii, U. 1500 IO IO g
Nagashima, and P. Jensen, J. Mol. Spectrosc. Tf”‘\ . 3 o o
256, 45-52 (2009); T. Hirano, U. Nagashima, G. = E( _ I _ 1) . E( _ l _ O) Llnear q) COCN 8 (5 )
Winnewisser, and P. Jensen, J. Chem. Phys. O . 1 4 V2 — (2 T V2 %2 2 . o o
132, 094303/1-10 (2010)]. The potential energy é Y 0 o X A N ICN 9 (5 )
surface is calculated ab initio at the MR- g 1000 E(V2 — 2, 12‘ — 0) — E(V2 — ‘12‘ — O) 6 o o - 1
SDCI+Q+E,q /[Roos ANO (Fe), aug-cc-pVQZ 2 A FeCN 10 (5 ) yo —
(O, H)] level of theory. The bending potential = 6 o o
energy curve has a small barrier to linearity and s i i g . . A FeN C 1 3 (7 )
the pattern of bending energies reflects this B 500 gYﬁ;?‘g?fgrggg “él1;/v'?ggev'\|/f4se(r]’976) If It is pOSSIbIe to derlve frOm 1
] _ , - ) . o o
experiment the energy values > CsOH 17 (9 )
: _ necessary to determine VY,
Linear Yo = =1 then the molecule in question
0 Quasi-linear Vo= O can be classified as linear, T 6 o o
Stronalv bent Vo = +1 quasi-linear, or bent at an Qua3| linear A FeOH 39 (1 4 ) y — O 1
\ p/degrees j 9y 0 early stage of the analysis. 0
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