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Magnetic vibrational circular dichroismMVCD) spectra of acetylene and its deuterated
isotopomers have been recorded for the followlhgymmetry combination and overtone bands of
C,H,: vytvs; CHD: vy+vs, 2vy, 2us; C,D,: v4+ 15, the vy fundamental for GHD and GD,; and

the v,— 2+ v and vs— v, +2w5 hot bands for gH,. For aX,— 3, transition, the MVCDA terms
observed must arise primarily from the rotational Zeeman effect. These negativg values for

low J" transitions confirm that the sign of the rotatiorglvalue for acetylene ipositive The
rotational magnetic moments in both the lower and upper vibrational states were determined by
comparison of moment analyses of experimental and simulated MVCD spectra obtained with a
model Hamiltonian for acetylene. Tlgg values in all the excited bending combination and overtone
vibrational levels observed are smaller than those in the ground and the first excited stretching
vibrational levels. This observation has been confirmed by theoretical simulation of the MVCD
spectra of they,+v5 combination band of @4,. From these MVCD results, for 48,
g;(ground=+0.0535+0.0033 andAg(v,+vs)=—0.0061+-0.0004; for GD,, g;(ground~g;(vs)
=+0.0363+:0.0048,Ag(v,+v5)=—0.0052:0.0031; and for GHD, g,(ground~g;(v;)=+0.0409
+0.0069. These are the first quantitative, MVCD determinations of nondegenerate exciteyl state
values distinctly different from the ground state. The decreagg\value correlates with off-axis
deformation of the Ilinear £H, rotation. © 1996 American Institute of Physics.
[S0021-96066)01704-5

I. INTRODUCTION molecular Zeeman studies of molecules related to acetylene,
. . . . were found to be consistent withpmsitive g value of that
Acetylene, GH,, is a linear polyatomic molecule in the . HD 9
; S agnitude. Subsequently, Ramsey and co-workers corrected
ground electronic state. It has seven vibrational modes o

which two bending modes are degeneralde whole infra- thedlr earhe(; ;E'S:?Ee using ?trewseld e?perlﬂentﬁl ! plzjogedure
red spectrum of acetylene has been extensively studied agreed that the sign of tigg value for GH, should be

oy 8 . .
high resolution resulting in determination of accurate mo-P°S/tVe Rer::edntly, r\]Ne :ave reconflfmed,fInO_IepenIden.tIy of
lecular constant&-® Besides the fundamental vibrational MBMR methods, that the correct sign of this value is

bands, the infrared spectrum of acetylene also contains Seynamblgqouslposmv%by using magnetic vibrational circu-
eral combination bands and hot bands with considerabl" dichroism(MVCD).” _ .
intensity?~5 In particular in the IR, th&;} (v,+ »5) combina- MVCD is the differential absorption of left and right
tion band has roughly the same intensity as the fundament&ircular polarized light by vibrational transitions of mol-
3. (vy) out of phase C—H stretching band. ecules in the presence of an external magnetic field parallel
Molecular Zeeman studies of acetylene are less devefo© the propagation direction of the light. MVCD was first
oped and have a somewhat controversial history. Acetylengbserved® and applied in the studies of molecules with high
cannot be studied by microwave spectroscopy due to its lackymmetries in the condensed phasé? Recently, MVCD
of a permanent dipole moment. The rotatiopaalue inthe has been extended to studies of the molecular Zeeman effect
ground vibrational state was first measured by Ramsey anaf small molecules in the gas pha$e” The MVCD method
co-workers and was determined to begative(—0.049 03  of determining the molecular Zeeman effect has been “cali-
+0.000 04 using the molecular beam magnetic resonancérated” by the determination of the rotationg} value of
(MBMR) techniqué® However, measurements of transverseC=0 and HD)CIl and comparison to literature valutst’
heat flow in GH, under the influence of a magnetic field and These molecular Zeeman studies showed that MVCD is
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1814 Tam, Bour, and Keiderling: Rotational magnetic moments

trivially able to determine the sign of the rotatiorsgl value  superconducting magnéxford Instruments The details of
for most transitions and can approximately measure its maghis instrument have been discussed previotfs* The
nitude (to roughly an accuracy of10%) by use of a rela- only recent modification in this instrument is the upgrade of
tively simple experimental setup. the interferometer to the FTS-60A to allow dynamic align-
Since MVCD is an intensity measurement, it will never ment, 0.1 cm* resolution and step sc&h?3 The improve-
have the quantitative precision of the conventional frequencynent in resolution from our previous measurements at 0.5
based techniques as regards the magnitude ofjtkelue.  cm % resulted in enhanced signal levels and allowed better
The advantage of MVCD derives from its high sensitivity, isolation of the ro-vibrational bands. Co-incidentally, this
through which Zeeman splittings that are roughly three orconstitutes one of the first reports of MVQDr VCD) at 0.1
ders of magnitude smaller than our current limiting resolu-cm™* resolution. Two different polarization modulation opti-
tion can be sensed. Furthermore, since ro-vibrational transtal setups were used for different spectral regions. For the
tions are measured, MVCD actually samples the Zeemasgpectral region from 800 to 1600 ¢t circularly polarized
properties of both the lower and upper vibrational states alight is generated by a 42 mm diameter grid polarizer on a
the same time. We have shown, through detailed analyses efaF, substrate(Cambridge Physical Sciengeis combina-
the DCI and NH MVCD spectra using simulation tech- tion with a ZnSe photoelastic modulat¢Hinds Interna-
niques, that the overall rotational envelope of the MVCDtional). The beam transmitted by the sample is then focused
band can be used to determine the relagvwealues between onto a cooled narrow band Kgd)Te detector(Infrared As-
the ground and excited vibrational states if the change isociatesby a ZnSe lens. For spectral frequencies higher than
greater than~10%:° 1600 cm %, a Cak; photoelastic modulator and focusing lens
There were two major goals for our original molecular were substituted for the ZnSe optical components.
Zeeman studies of acetylene and its deuterated isotopomers. The experiments reported here followed general proce-

The first was to provide a direct measurement of the sign ofiures used for MVCD experiments described in our previous
the g; value for unambiguous reconfirmation of the correctreportsl_4v16,17v24-|-he normal Fourier modulatiof0—4 kH2)
sign of theg; value for acetylene. This has already beenjs conventionally processed to a single beam response spec-
directly addressed in our preliminary report which focusedirum while the signals at the modulator frequency are de-
only on theP(J"=1) transition of thev,+vs combination  modulated through a lock-in amplifi€PAR 124A tuned to
band of GH,.° Second, measurement of the rotational Zeethat frequency and then fed back into the FTIR electronics.
man effect and assessment its variation among the MVCDAfter co-addition of many scans and conversion of the re-
accessible vibrational excited states ofHg, C;HD and  sulting interferogram, a polarization modulation response
C,D, was sought. This paper focuses on the latter goal angpectrum is obtained. The zero path difference for this dif-
presents MVCD measurements for acetylene at a nomindkrential interferogram was determined with the aid of a fi-
spectral resolution of 0.1 cfl along with moment analysis ducial mark created with a second detector signal as detailed
results for each of the spectrally isolated rovibrational tran-separateh%_o The ratio of these Spectra p|us proper phase cor-
sitions in the following= (or X" for C,HD) vibrational  rection and intensity calibratidfproduces the final MVCD
bands: thev; C—H stretch in GHD and GD5; the v,+v5  spectrum.
bending combination in £&1,, C,D, and GHD; and the 2, C,H, was obtained from AGA Gas, In@s a mixture of
and 25 overtones in GHD. In addition, MVCD for some  acetylene and acetonand was further purified in a glass
related hot band#y— m,) transitions in GHy, v4—2v,+v5  vacuum system by trapping out the acetone with a dry ice
and vs—,+2p5, that have no net angular momentum path. No residual features for acetone were observed in the
change are also observed. The rotatiogalvalues in the |R absorption spectra we have measured for acetylestDC
ground, excited bending and excited stretching vibrationalyas purchased from Cambridge Isotope Laboratories, Inc.
levels are compared. In addition, the theoretical simulatiorand used without further purification. Since the,HD
of the IR absorption and MVCD spectra of thg+vs com-  sample contained a considerable amount g Cand GD,
bination band of acetylene are presented and compared to thgtopic impurities, measuring the MVCD spectrum gHD
experimental results. These latter results are the first cleaver a wide spectral region also gave the MVCD spectrum of
demonstration of the Capablllty of MVCD to determine ex- C,D, (with some Spectra] over|ams a bonus. The samp]es
cited stateg values not previously available from conven- were transferred at room temperature into a brass cell at a
tional techniques. For the,+vs band, the excited sta®  pressure of-5 and 10 torr for GH, and GHD, respectively.
value is shown to differ from the ground state parameter an&ince the pressure broadening is of the order of 10
reflects geometry changes occurring with vibrational excitamHz/torr,?® these pressures will not affect our detectable line-
tion of this bending combination mode in this molecule of widths. This cell was sealed with two KBr windows sepa-
fundamental importance. rated by 6.2 cm and tilted by 5° from parallel, to suppress
reflective multipass interference between the windows which
can degrade the baseline. The frequencies and assignments
for all the measured ro-vibrational transitions matched,
The MVCD spectra were measured using a polarizatiorwithin our measurement accuracy, those available fit,¢¢
modulation instrument, based on a Digil®ORAD) FTS-  C,HD,?® and GD,?’ in the literature.
60A FTIR with the sample placed in the bore of a 8 Tesla  MVCD spectra were scanned in both positive and nega-

Il. EXPERIMENT
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tive fields, £8 T, to eliminate artifacts and improve the Hj,=H;1—g5unMB (5a)
signal-to-noise ratidS/N). Spectra were obtained as an av-

erage of 8 blocké4 blocks for each direction of the magnetic and

field) of 1(_)24 rapid scanémovmg mirror speed of 0.6 cn/s H2,=Hyo— g 0unMB, (5b)

Both the infrared absorption and MVCD spectra were mea-

sured at a nominal resolution of 0.1 chwhich was subse- Wwhere uy is the nuclear magneton amg, the molecularg
quently degraded by triangular apodization to minimize thevalue. There are no off-diagonal Zeeman terms since our
side bands. The resulting final full widths at half heightbasis functions are diagonal in the Zeeman operator.
(FWHH) for the absorbance bands around 1200 and 2500 The molecular magnetic momemt, is a vector sum of
cm ! were 0.14 and 0.20 cnt, respectively. The broader the vibrational and rotational moments and can be expressed
linewidths in the near-IR region are probably due to beanfs
divergence degradation of the interferogram quality in the _
near-IR. The phase corrected and calibrated MVCD spectra M=(9u+9rR) pn- ©
were further corrected for the field profile over the sampleBecause only the projectiom; of the total angular momen-
cell and were normalized to 1 T for presentation and analytum, J, is conserved, we can write,

SIS 3 gl-d+gr(3-D-J

E E -

, o —gr)I?+grJ(J+1

To simulate thew,+»s combination band MVCD, a _(0,7%r) gRll(Z )MN- )
modified Wang transformed basis set was used for the ro- [J+1)]

vibrational wave functions of acetylene fOIIOWing Herman Reformu|ating m; in terms of a mo|ecu|ag Va|ue' 931,
et al,?® but explicitly includingM, the projection of the total  yields

angular momenturd onto the magnetic field direction:

mJ:m'
lll. THEORY

m;= J], (8)
|e>:(2)7l/2(||4|5\]|\/|>+|—|4—|5JM>) J gJI/J“N| |
1 which combined with Eq(7) can be used to relate the ap-
=(2) " ([lls) +[—14=15))[IIM), (1) parentg value, g, with the vibrational and rotationaj
wherel,, and| are the projection of the vibrational angular vValues,g, andgg, respectively as
momenta on the €C axis for they, and v5 mode, respec- 9= 0r+ (9, — g){IZ[II+ )]} 9)

tively, andl is the total vibrational momenturtequal to the

projection ofJ onto the molecular axis €C). The usual It might be noted that in the absence of a vibration—rotation
parity labeling is use@ with the Watson phase conven- interaction, only|2) [Eq. (4)] would give rise to observable
tion2° An electric dipolar transition to the correspondifg ro-vibrational transitions. Since the vibrational mode sym-

functions, metry is2 for most of the allowed excited states considered
here, the vibrationagj value is zero for the purf) states.
—(9)—-112 . )
)= ([ldls) = [=1a=15)[IIM), @ Attera diagonalization, two excited states are obtained as

is not allowed for the® andR branches. Thus for the ground
state | ,=0, [5=0, | =0, and the wave function is simply rep-

resented as:
B B The molecular frame symmetry representatidiis,andA,, ,
10)=131M)=[JOM), ®) are reasonable approximations for the vibrational wavefunc-
while for theS (v,+ v5) excited state a:22 matrix spanned tions at lowJ only (J<30).% Similarly, at lowJ, the experi-
by the two possible vibrationally symmetrife) type) wave  mentally observed) value must be dominated hys since

IS FIMy=Cg|1)+CS|2) and |A, IM)=CJ|1)+C3|2).
(10

functions | =0 then dominates our eigenfunctions for &g state, i.e.,
oy-12 . C9~1.28 For higherJ, theg value for the excited state con-
|1)=(2)""4(|1)+|-1-1))|I32M) (43 verges relatively quickly ta@g sincel is limited to O or 2
and [Eq. (9)]. Therefore, even for the more complex states result-
12)=(2) " Y%(|1—1)+|—11))|JIOM). (4b) ing from diagonalizing the interaction Hamiltoniagy ~gg .

Fundamental formulas for the rotationally resolved
must be diagonalized to get the proper rovibrational eigenmvCD have been derived recent§. The absorption inten-
functions. sity for the left and right circularly polarized lighA— and

The Hamiltonian for constructing this matrix without an A+, respecti\/ew under a transition from the ground state,

external field is known and was described previod$R. |0J"M") to the excited statd>;J'M’), are equal to
Pliva’s parametrization was used for the interaction Hamil-

tonian in the absence of an applied fidlBor simulation of Ai/'v"= kw|CY|%u2g,[(10370]J’ 0)|?
the molecular Zeeman effect, we add the first-order pertur- Caar LA (2

bations to the diagonal elements caused by the magnetic X[(12 LI M"[J"M")|* expl— ey [KT),
field, B. Thus the new diagonal matrix elements are (11
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wherex is a constant independent of the stabeis the fre- 5

guency of the incident lightu is the vibrational transition

moment,g, is the nuclear statistics factor, which in this case

is g,=1 for even andy,=3 for oddJ levels. The usual no-

tation is used for the Clebsch—Gordan coefficiektss the

Boltzman factor,T is the temperature angyM" is the en-

ergy of the rotational component of the ground state from

which the transition initiates. Equatioill) is sufficient to

simulate the absorption and MVCD spectra when one asso-

ciates the contribution from each allowddM’ transition A 9

with a reasonable line shape and overlaps all the transition l ” “ ‘“L

line shapes placed at their appropriate frequencies. 0 |
Alternatively, expressions for use in conventional 1400 1350 1300 1250

MVCD analyses can be obtained by substituting the molecu-

lar Zeeman operator and the ro-vibrational states,M ;)

into Stephens conventional MCD formufador the A-term g 1. The MVCD(uppe) and IR absorption spectttower) of the v,+ vg

coefficient(A,) and the dipole strengttD ) for the overlap-  combination band of &4,. Resolution: 0.1 cii* MVCD shown is the dif-

ping AM=M =1 transitions. Because of the small magni- ference of the MVCD measured in a field 88 T, normalized to 1.0 T, each

tude of the Zeeman splitting for diamagnetic molecules, a&§"e'aged over four blocks of 1024 scans.

compared to the experimental resolution used, the:J’

transition bandshape seen in our MVCD experiments avely, RESULTS

ages over thd quantum numbers. If one assumes thatghe

value is independent of rotational and vibrational quantumb‘- CaHa

AA 0 vihjllu]l.‘l {1”1;“?"LII‘“‘ |.|l

(10 7)

—5
1

Frequency (em™ l)

numbersg, =g, then a simple expression fdr,/D,, re- Figure 1 shows the IR absorption and MVCD spectra of
sults, C,H, in the mid-IR region. Figure (@) and 2b) show ex-
1 B\ (A, panded sections from Fig. 1 corresponding to hifvalues

e =7 ( - %) (D—O) (120  intheP andR branch, respectively, so that the contributions

to the MVCD spectrum from the hot bands,—2v,+v5 and
wheregg is the effective rotationay value,ges=9,’=9,”  Vs—VsT2vs, can be identified in thé branch. Thev,+vs
in this case. The assumption thgf=g,», and thus is a combination band has the highest intensity in this spectral
constant, is justified for diatomics such as CO, HCI, andegion while several other hot bands and combination bands
DCI;*®~%8put if, on the contrary, an excited stagevalue is  contribute smaller features. Since ro-vibrational transitions

substantially different from the ground statevalue,g« will were measured at 0.1 crhresolution, any hyperfine struc-
not be constant ture present was not resolved.

In general, ifg,» andg,-, the rotationag values for the There is a large intensity difference between the clear
ground and excited vibrational states respectively, are notegativeA terms characteristic of thE-branch transitions
equal, their difference may be defined as, and the weakR-branch transitions for the MVCD of this

v,+v5 combination band. At about tHe(J"=11) transition,

AG=0, =Gy (13 the observable MVCD signal intensity collapses below the

We are interested in utilizing the results of the previouslydetectable limit, but at much highel” values in theR
described®!’ moment analyses of the MVCD and absorption branch, it reappears with the opposite sign pattern, as a weak
bands to determing, andg,. Using the formulae for the positive A term. The low S/N in Fig. @) reflects the very

absorption intensities for the left and right circularly polar- low MVCD magnitude in this region; as such, the vertical
ized light!® the following expressions result, scale divisions used arel0 times smaller. In addition, there

appear to be several relatively large MVCD features at the
very highJ” end of theR branch[marked by # in Fig. ()]
which correspond to very weak absorbance features. These
are due to residual water vapor inside our spectrometer.
Jett= 0, — ﬂ for J’=J", Q branch; (14  While not normally desirable, these MVCD,@ signals pro-
2 vide an internal reference against which the absolute sign of
J+1 the MVCD spectrum being measured can be calibrated. The
Oei=0," —Ag — for J’=J"—1, P branch. overall intensity variation in the rotational envelope of the
v,+v5 MVCD suggests that thg; value in this excited vi-
(149 brational state differs from thg; value in the ground vibra-
From Eq.(14a—(140), it can be seen that if thg values for  tional state in a manner suggested by Elgl).*®
the ground and excited vibrational states are different, the For theP branch, the negativA terms which indicate a
effective g value, go¢, in the P and R branches will be first-order Zeeman effett that would arise from gositive
linearly dependent on th&' value with a slope of\g/2. rotational g; valuel*!®1":24The flipped sign pattern in the

n

Qe=0yr+Ag 5, for '=J"+1, R branch; (143
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FIG. 2. (a) Part of theP branch of the MVCD(uppe) and IR absorption spectfower) of the v,+v5 combination band of ¢4, shown in Fig. 1. The two
observable hot band transitions—2v,+ v5 and vs— v, +2v5 are also assignedb) Part of the corresponding branch. # indicates transitions from residual
H,O vapor in our spectrometer. No observable MVCD signals for the two hot bands are identified Ritfaach.

high J” region in theR branch indicates that the effectigg ~ B. C,D,
value is negative there. At very low, the effectiveg value

is positive in the region where it should most closely reﬂectt
the rotationa-value[Eq. (14)].13%*Besides the,,+ vs com-
bination band, negativéA terms for the two hot bands
[v,—2v,+vs andvs— v, +2vs5, as assigned in Fig(@] have o
also been gbseerd in parf of tRebranch where they hap- combination band and of they fundamental band for 4D,

pen to be well resolved, indicating a consistency in the sigma\’e also been measured. In gengral, negatlvg MWCD
of the rotationalg-value sign for these transitions. terms were observed for the ro-vibrational bands in these two

The 1, and v fundamentals for gH, are degenerater, MVCD spectra. The lower frequency hah_‘ of tikebranch of
and 7, , respectively and fall in a frequency regiof600— the v; fundamental band suffers from interference due to
800 cm %) which is below the normal working range of our 'esidual CQ gas in our spectrometer; furthermore, two
MVCD spectrometer as configured for these experim&nts. Weaker hot bandsy,—v;+v, and vs—v;+ w5, overlap most
Our preliminary results for the; mode will be discussed Of the »3 structure. In the mid-IR, the;,+vs combination
separatel§? The v, fundamental is at about 3300 cih band(band origin at about 1041.5 ¢ is overlapped by
where the response of our spectrometer is low when operatétie 2, overtone band of ¢4D (band origin at about 1033.9
in the rapid scan mode used for these experiments. In th&m %). A part of the P branch for thev,+vs combination
region, we have able to obtain only very low S/N spectraband of GD, is expanded and shown in Fig. 3 to illustrate
which has made any reliable analysis of thefundamental how we were able to separate out the contributions from
MVCD impossible. these two molecules and their different modes which happen

The MVCD of C,D, gives rise to a similar overall pat-
ern in the mid-IR, but due to the isotope shift, thefunda-
mental MVCD can be more easily measured, although a loss
of SIN is still evident. The MVCD spectra of the,+vs

J. Chem. Phys., Vol. 104, No. 5, 1 February 1996



1818 Tam, Bour, and Keiderling: Rotational magnetic moments

butions to the band shape integrals, particularly from base-

1- line fluctuationst®'’ The values of these moments of each
transition line shape were then evaluated by numerical inte-
AA g N gration of the fit curves. Thé&,/D, parameter, which char-
(1074 acterizes the magnitude and sign of the MV@DOierm nor-
] malized by the absorbance, is givertby
10 CgHD, 2y, 15 A AA 1
o B A _(AA; T (15)
N = Do (A)o BB
A 2 where B is the magnetic field strength anglis the Bohr
magneton{A), and(AA),, the zeroth moment of the absor-
bance and the first moment of the MVCD, respectively, are
04 ; ; ; ; defined as follows:
1020 1015 1010 1005
F —1 A AA
requency (em ) (A)g= > dv and (AA),= - (v—vy)dv,
FIG. 3. The expansion of a part of the overlapgetiranches of the,,+vg (16)
combination band of £, and the 2, overtone band of $1D. where the center frequency,, is calculated by setting
(A)1=0.

to be of similar intensity in this same sample. Despite this  BY the use of the above methol,/D,, values for each
overlap of features from these tidbranches, the same type ro-vibrational transition can be evaluated. In principle, it is
of overall intensity variation is seen for this,[3, combina- also possible to analyze partially overlapped bands, but due
tion band as in the MVCD spectrum of thg-+ s combina- to the large errors that resulted from attempting to curve fit
tion band of GH,. By comparison, the MVCD spectrum of the heavily overlapped bands, oly/D values for the bet-

the v, fundamental band of £, (with the exception of the ter isolated bands are reported. The results of moment analy-
CO, overlap regioh has much more symmetrical relation- sis for the v,+v5; combination of GH, are sur_nmarized in
ship between th@- andR-branch contours, which indicates Table I. The results for th&(10) to R(18) transitions of the

that theg,-value in the ground and the, excited vibrational v,+vs combination band are missing due to their virtually
state are virtually equal. zero MVCD intensity. Since the two hot bandg—2v,+ v

The ro-vibrational bands for 1, are relatively well re- and v5—v,+2vs, have much lower absorption intensities
solved which aids carrying out moment analyses on isolateH1an the v,+ Vs 'comblnanon band, only. some of the
transitions, but those for D, are less resolved due to the ~-Pranch transitions can be adequately isolated and ana-
smaller rotational constant for the deuterated isotopomefy2€d: For GD,, the moment analysis results for thgtvs
Nevertheless, there are some isolated ro-vibrational transgoMPination and the, fundamental band are summarized in
tions in GD, for which moment analysis can be effectively |aPl€ Il. Due to the serious overlap of thg+vs combina-
carried out. The signal-to-noise rati®/N) for the v+,  ton band of GD; and the 2, overtone band of £HD, there
spectrum of GD, is worse than that of &, because of the are only a few isolated transitions for which moment analysis
lower absorbance level and smaller rotational magnetic moSan Pe carried out. The; fundamental band contains several
ment for GD,. The S/N for thevs spectrum of GD, is even isolated features in spite of the interference from the, CO
worse due to the lower response of our rapid-scan spectrorﬁQ'VibratiO”al bands in th® branch, but the reliability of the

eter for higher frequencies. Since the rotational magnetié't/Do values is seriously impacted by the low S/N level for

moment for acetylene is roughly an order of magnitudetNis MVCD transition.

smaller than those of our previously studied molecules such

as NH;, HCI, CH,, and CO341617%4he apsolute MVCD C,HD

signal intensities reported here are also small. Upgrading our o

spectrometer from its previous resolution of 0.5 to 0.1 &m The MVCD spectra for they,+vs combination band of
enhanced the MVCD signal level in these instrument resolu$2HD has the same intend branch and wealR-branch

tion limited spectra. However, the noise level also increase@@!térn as seen for this band in the other isotopomers, as
due to the greatly increased scan time needed for 0.1cm Shown in Fig. 4. Since £4D belongs to theC..,, point group
resolution which consequently restricts the level of coaddiWhile CHz and GD, belong to theD..,, point group, some

tion that is practical using our current interferometer design®vertone bands become symmetry allowed and can have ap-
preciable intensities. Thev2 overtone band which overlaps

with the v,+wv5 combination band of (D, has been noted
above in Fig. 3. Similarly, the i2 overtone band of 4D
The effectiveg; values for all isolated transitions were (band origin at about 1342.2 ¢ is seriously overlapped
extracted using moment analysisEirst, the absorption and by the v,+vs combination band of g4, (band origin at
the MVCD spectra were fit with optimized mixtures of about 1328.1 cm'), an unavoidable impurity in our £ID
Lorentzian and Gaussian band shapes to reduce noise contsample. The overlappde-branch transitions of thei2 over-

C. Moment analysis

J. Chem. Phys., Vol. 104, No. 5, 1 February 1996
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TABLE I. Moment analysis results of the,+v5 combination band of ¢H,.

P(J") v (A)o (AA) 2 A1/Dg geffb Ger(SIM)®
R(J") (cm™b (X10°) (x10°) (x10% (n.m) (n.m)
P(1) 1325.72 6.02 —1.49 —0.531 +0.0487 +0.04903
P(2) 1323.37 412 —0.988 —-0.513 +0.0471 +0.05246
P(3) 1321.03 9.18 -3.32 —-0.774 +0.0710 +0.05589
P(4) 1318.70 7.27 —2.44 -0.717 +0.0658 +0.05933
P(5) 1316.38 11.9 —-3.99 -0.719 +0.0660 +0.06276
P(6) 1314.06 7.16 —-1.80 —0.537 +0.0493 +0.06619
P(7) 1311.75 14.3 —4.56 —-0.681 +0.0625 +0.06962
P(12) 1300.31 8.29 -3.51 —-0.907 +0.0833 +0.08678
P(13) 1298.05 17.1 —6.86 —0.859 +0.0789 +0.09022
P(15) 1293.51 13.7 —-7.47 -1.17 +0.107 +0.09708
P(16) 1291.25 6.38 -3.32 -1.2 +0.102 +0.1005
P(17) 1288.99 9.38 —-5.56 —-1.27 +0.117 +0.1039
P(18) 1286.74 4.91 —2.78 -1.21 +0.111 +0.1074
P(19 1284.50 8.60 —-5.42 —-1.35 +0.124 +0.1108
P(22) 1277.75 2.89 -1.87 —-1.38 +0.127 +0.1211
P(23 1275.50 3.71 -1.73 —-1.00 +0.092 +0.1245
P(24) 1273.25 1.64 —-0.964 —-1.26 +0.116 +0.1280
P(25 1270.99 2.63 —-1.34 —-1.09 +0.100 +0.1314
P(26) 1268.75 0.952 —0.618 —-1.39 +0.128 +0.1348
P(27) 1266.49 1.84 —0.960 -1.12 +0.103 +0.1383
P(28) 1264.23 0.593 —0.285 -1.03 +0.0945 +0.1417
P(29 1261.96 1.04 —-0.584 -1.21 +0.111 +0.1451
P(31) 1257.42 0.607 —-0.369 -1.30 +0.120 +0.1520
R(0) 1330.43 3.81 —0.766 —-0.431 +0.0396 +0.04217
R(1) 1332.80 7.51 —-1.82 —-0.519 +0.0477 +0.03873
R(2) 1335.18 5.93 —-1.42 —-0.511 +0.0470 +0.03530
R(3) 1337.56 10.8 —-1.98 —0.393 +0.0361 +0.03187
R(4) 1339.95 8.43 -1.12 —-0.284 +0.0261 +0.02844
R(5) 1342.35 10.8 -2.01 -3.97 +0.0365 +0.02501
R(6) 1344.75 4.67 -0.821 -0.376 +0.0346 +0.02157
R(9) 1352.00 15.9 —-1.19 —0.160 +0.0146 +0.01128
R(19 1376.38 6.35 +0.240 +0.0809 —0.00742 —0.02304
R(20) 1378.82 3.13 +0.310 +0.212 —0.0195 —0.02648
R(21) 1381.26 5.07 +0.367 +0.155 —0.0143 —0.02991
R(22) 1383.70 1.81 +0.300 +0.354 —0.0325 —0.03334
R(23) 1386.13 3.28 +0.393 +0.257 —0.0236 —0.03677
R(25) 1390.98 2.30 +0.479 +0.446 —0.0409 —0.04364

3n units of cm ™.

BIn terms of nuclear magneton.

‘gerr Value derived from the simulated MVCD and IR absorption spectra with the rotatipralue in the
excited vibrational state being 14% less than the ground gtatdue.

tone band of GHD and thew,+ v5s combination band of ¢4,  which is consistent in terms of sign and band contour with
all haveA;/D values corresponding to a positive rotationalthe MVCD discussed above for thg band of GD,.

g value as illustrated for part of the branch in Fig. 5. To The MVCD spectra of the,+ v5 and 25 bands of GHD
correct for the latter interference from)&,, the absorption (once corrected by subtraction of thg+wvs band of GH,)

and MVCD spectra of the pure,+v5 combination band of are relatively free of interference, though there are other
C,H, were subtracted from the,8D spectra using a single weak combination and hot bands underneath them. At the
coefficient chosen to minimize the,i8, absorbance contri- high J” end of theR branch for they,+wvs band of GHD,
bution. Despite optimization, some residual spectral featurethere is some overlap with the tail of the branch of the
from the v,+v5 combination band of ¢H, are still present. v,+v5 band of GH,. The S/N of these §HD combination

In general, only negative MVCIA terms are observed in and overtone spectra are comparable and better than that at-
these MVCD spectra. For all three combination and overtongainable for the ¢D, spectra because of the higher absor-
bands, we see an MVCD intensity variation similar to thatbance levels that were possible under our sampling condi-
which was observed in the,+wvs combination band of tions. However, the S/N of the; band is again lower than
C,H,. However, for thev; fundamental band of £ID, as  for the mid-IR transitions due to the lower response of our
shown in Fig. 6, the MVCD intensities in thB and R spectrometer in rapid scan mode at higher optical
branches are about the same, all having negaliverms,  frequencie$??*
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TABLE Il. Moment analysis summary of the,+v5 combination and the; fundamental bands of ©,.

vyt s V3
v Gef® P(J") v Oer®
P") (cm™ (n.m) R(J") (cm™ (n.m)
P(4) 1034.75 +0.0562 P@3) 2434.29 +0.0325
P(6) 1031.43 +0.0475 P(5) 2430.87 +0.0373
P(7) 1029.97 +0.0359 P(6) 2429.12 +0.0418
P(8) 1028.15 +0.0337 P(7) 2427.38 +0.0299
P(9) 1026.52 +0.0603 P8 2425.62 +0.0307
P(10) 1024.90 +0.0677
P(11) 1023.29 +0.0741 R(10) 2457.49 +0.0316
P(12) 1021.68 +0.0623 R(13) 2462.23 +0.0397
R(14) 2463.78 +0.0393
R(15) 2465.33 +0.0383
R(16) 2466.87 +0.0343
R(18) 2469.93 +0.0306
R(20) 2472.95 +0.0457
R(24) 2478.87 +0.0365
R(25) 2480.32 +0.0341

4n terms of nuclear magneton.

As for the GH, and GD, cases, moment analyses have unambiguously to b@ositive For GH,, within our experi-
been carried out for all the £D spectra. The results are mental error, the magnitude of the moleculgrvalue in the

summarized in Table Il for the,+ v5 and v3 bands. Most of
the v,+ 15, 2y, and 25 ro-vibrational transitions in thé

ground vibrational state is determined to be 0.083pusing
Eq. (14) which is in good agreement with 0.049(@3by the

branch are isolated, thus permitting a reasonable analysisarlier MBMR measuremefitThe wide variation ing; val-

while the much lower MVCD intensities in thR-branch

result in a S/N level that is too low for reliable results.

V. DISCUSSION

A. Ground state molecular g values

ues for individual transitions is due primarily to the S/N
limitations, but extrapolation through a number of transitions
effects an averaging and consequent improvement in error
provided the model used is appropriate.

Since there are no previous experimental data for the
molecularg; values for both GHD and GD,, we can ex-

Thege values derived from the moment analysis for thetrapolate the moleculag; value for GHD and GD, from

ro-vibrational bands for ¢4,, C,D, and GHD were in-

that of GH, for the ground vibrational states. Let us assume

cluded in the last columns of Tables I-Ill. For acetylene andhat the internuclear axis is theaxis. It is well known that

its deuterated isotopomers, the sign of the molecgjaral-

the g; values in thex axis can be expressed as a sum of

ues in all the vibrational states we studied here are confirmeduclear and electronic contributiofss,

1250

FIG. 4. The MVCD(uppe) and IR absorption spect(iower) of the v,+vs
combination band of 4D. Resolution: 0.1 cm®; MVCD shown is the
difference of the MVCD measured in a field af8 T, normalized to 1.0 T,

1200

Frequency hnn—5

each averaged over four blocks of 1024 scans.

1150

1330 1320

Frequency (cnf_5

FIG. 5. The expansion of a part of the overlapgedranches of the i2
overtone band of 4D and thew,+ v combination band of ¢H,.
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2600 2550 2500

Frequency (cm™ 1)

FIG. 6. The MVCD (uppe) and IR absorption spectrigower) of the v,
fundamental band of £ID. Resolution: 0.1 cm'; MVCD shown is the
difference of the MVCD measured in a field af8 T, normalized to 1.0 T,
each averaged over four blocks of 1024 scans.
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where M, is the mass of a protori,,, is the moment of
inertia, m is the mass of an electrok,sums over all nuclei,
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or z axis, and= .. o|(n|L,|0)|%/(E,—E,) is the electronic
orbital angular momentum contribution. By assuming that
the bond lengths and the electronic orbital angular momen-
tum matrix element remain constant after the substitution of
deuterium for hydrogen, the ground statevalue of GD,

and GHD are calculated to be-0.035 33 and+0.044 47,
respectively, from Eq(17) using the accuratg; value for

the ground state of {1, taken to be+0.049 038 Since the
relative position of the center of mass ofHD is different
from that of GD, and GH,, the electronic contribution to
the g; value for GHD may also different from ¢H, and
C,D,. Therefore, extrapolation from the,l&, g value may
only give an approximate estimation of the ground state
values for GHD.

From analysis of the £D, MVCD using Eq.(14), theg;
value in the ground vibrational state is indicated to be
+0.0374191) and +0.036348) from the v,+vs and vg
band, respectively, which are in good agreement with each
other and with the values extrapolated fropHG. However,
the MVCD g, value in the ground vibrational state fopID
is +0.033668) from the 25 band, but is+0.0493122) from
the 2, band, +0.0349126) from the v,+v5; band and
+0.040969) from the v5 band. There is a much larger sta-
tistical variance in these £D values between themselves

Z, is the nuclear charge of tHeh atom,z, are the distances and from the expected value than seen in the other two iso-
of thekth atom from the center of mass along the moleculatopomers. Nevertheless, the experimental and calculgted

TABLE Ill. Moment analysis summary of the,+ 5 combination and the, fundamental bands of £ID.

vyt g V3
P(J") v et P(J") v e
R(J") (em™ (n.m) R(J") (em™) (n.m)
P(3) 1194.59 +0.0253 P(6) 2571.72 +0.0322
P(4) 1192.63 +0.0369 P(7) 2567.66 +0.0411
P(5) 1190.68 +0.0387 P(8) 2567.58 +0.0435
P(6) 1188.73 +0.0375 P(9) 2565.49 +0.0556
P(7) 1186.80 +0.0480 P(12) 2559.14 +0.0349
P(8) 1184.88 +0.0463 P(13) 2557.00 +0.0382
P(9) 1182.97 +0.0484 P(14) 2554.85 +0.0303
P(10) 1181.06 +0.0508 P(15) 2552.68 +0.0313
P(11) 1179.18 +0.0470 P(19) 2543.83 +0.0483
P(12) 1177.30 +0.0695 P(20) 2541.62 +0.0442
P(13) 1175.43 +0.0474 P(21) 2539.41 +0.0383
P(14) 1173.58 +0.100
P(15) 1171.74 +0.0670 R(8) 2597.32 +0.0335
P(16) 1169.92 +0.0699 R(9) 2599.20 +0.0422
P(17) 1168.12 +0.0979 R(10) 2601.06 +0.0332
P(18) 1166.33 +0.0531 R(11) 2602.91 +0.0484
P(19) 1164.56 +0.122 R(12) 2604.75 +0.0321
P(20) 1162.80 +0.157 R(13) 2606.57 +0.0364
P(21) 1161.07 +0.0830 R(15) 2610.17 +0.0392
P(22) 1159.36 +0.0815 R(17) 2613.66 +0.0356
R(18) 2615.40 +0.0440
R(7) 1216.68 +0.0394 R(19) 2617.14 +0.0428
R(8) 1218.74 +0.0256 R(20) 2618.86 +0.0408
R(22) 2622.28 +0.0500
R(25) 2627.28 +0.0500
R(26) 2628.92 +0.0338
R(27) 2630.55 +0.0427

4n terms of nuclear magneton.
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values withJ for the v bands are attributable to the random

o ® R-branch L " = error_of the inten_sity measurement. Thus acetylene in the
0124/ W P-branch . . bending combination modes offers the first example we have
040 | nearft . found for a large changé.e., MVCD detectablein the mo-
u lecular g value for the excited nondegenerate vibrational
0.08 states.
0.06 | Figure 7 shows the plot df.¢ values againsi”+1 and
% : J" for the P andR branches, respectively, of thg+vs band
% 0.04 ¢ of C,H,. Two straight lines of oppositely signed slopes are
“ 002 4 obtained which fit the functionality of our model very well.
From the slope and intercept, using Ef4), the molecular
0.00 7 g; values for the ground as well as thgt v5 excited vibra-
-0.02 tional level can be evaluated. The error of the MVCD de-
rived g; values were determined by a weighted linear least-
-0.04 7 squares fit using the first moment of the MVCM term,
.0.06 : : . 1 : | (AA)4, as the weight for each ro-vibrational transition. The
0 5 10 15 20 25 30 35 excited stateg-value results for all the transitions observed
(J"+1) for P-branch are summarized in Table IV. The slopes and helhgevalues
J" for R-branch for the v,+v5 combination bands for the three isotopomers

_ are all very similar. This is somewhat surprising in light of
FIG. 7. The plot ofg.; values againstJ”’+1) and J” for the P and R the substantial change in the ground stgtealue seen on
branches, respectively, for thg+vs combination band of ¢H,. The two . .
straight lines are the results of linear regression for data inPthend R deuteration in Qur MVCD results. On the other hand, for the
branches individually. v3 C—D stretching modes of D and GD,, the slopes for
the plots of they.; values againsl” were at least a order of

) o . magnitude smaller than for the bending combination modes.
values for GHD are in reasonable agreement within their 1, 1s  within our detection capabilitiey, =g, for the
H v v

errors. stretching mode¥

The standard deviations for the MVCD derivgeralues
for the v,+ v5 combination band of ¢H, (under 10% are the

The g values for the ro-vibrational transitions involv- smallest and the most reliable among the whole data set re-
ing v, and »s bending modes have a clear dependencd.on ported herdcorrelation coefficient of 0.94Thus, the depen-
Theseg., values increase witd” in the P branch and de- dence of theg.; values onJ” is statistically proven to be
crease with)” in the R branch. However, thg.; values for  linear at a confidence level of 99%. However, the statistical
the v; bands of GHD and GD, do not show al dependence variances for the two hot bands oflg, are large because of
in either theP or R branches. The variation of theggs  their low S/N and the smaller number of data points.

B. Excited state g, values

TABLE IV. The molecularg; values of GH,, C,HD, and GD, in the ground and various excited vibrational states as derived from MVCD.

Lower Upper
vibrational vibrational
Molecule state state g, g,° Ag®
C,H, Ground vyt +0.0535(33) +0.0474(29) —0.0061(4)"
Uy 2v,t g +0.0488(95) +0.0428(82) —0.0060(13)
Vg vy+2u5 +0.0420(204) +0.0334(179 —0.0086(25)
C,HD Ground vyt vs +0.0349(126) +0.0283(111) —0.0066(15)
Ground ,° +0.0493(122 +0.0464(107 —0.0029(15)
Ground A +0.0336(69) +0.0262(60) —0.0074(8)
Ground V3 +0.0409(69) +0.0409(69) 0°
C,D, Ground vtve +0.0374(19)) +0.0322(160 —0.0052(31)
Ground vy +0.0363(48) +0.0363(48) 0°

#Molecularg, value in the lower vibrational state.

PMolecularg; value in the upper vibrational state.

‘Ag is calculated frong,’ —g,.

The parentheses indicate the error, for example,00614)=—0.0061+0.0004.

°The slope obtained from the linear regression of the data from the C—D stretching modes as well as the correlation coefficients of the linear fits are negligibly
small. Therefore we assume the slopeAgy are zero for these C—D stretching bands.

The 2v, band of GHD overlaps with thev,+ 15 band of GD, (see Fig. 3 the 2u5 band of GHD overlaps with thev,+ v band of GH, (see Fig. 5. That

is why theg values derived from these overlapped bands #Zand GD, have a larger variance than those from the other relatively isolated vibrational
bands.
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FIG. 9. The simulated MVCD spectrum of thg+vs combination band of
C,H, with the rotationalg value in the excited vibrational state bei(@
12%, (b) 14%, (c) 16%, smaller than the ground stagevalue and(d) the

corresponding experimental MVCD spectrum.

FIG. 8. The(a) simulated ¢, =0.86g,7) and (b) experimental MVCD
spectra of they,+ v5 combination band of &H,, respectively{c) and(d) are
the corresponding absorbances.

C. Theoretical simulation for the C ,H, w,+ws
combination band

On the other hand, the MVCD deriveﬁvalues for the As an alternative analysis of tkggu,g&gv,, observation,
v3 C-D stretching bands for both,BD and GD, are also  we have simulated the IR absorption and MVCD spectra of
reasonably reliable having standard deviations equivalent tghe v,+ 15 band of GH,. We selected this vibrational band
about 15%. There is a larger error for thet+ s band of  because its spectra have the best S/N among those in the data
C,HD (~33%) which can be attributed to the limited S/N. set available for this study.
However, the statistical errors for the MVCD derivgdral- The theory on which this simulation is based has been
ues for the 2, of C,HD and thev,+ 15 combination band of ~described in Sec. IlI. Pliva’s set of molecular constimtas
C,D, are worsgand correlation coefficients are smajlee-  used to construct the energy matrix with the addition of sev-
cause of the heavy overlap between thg Band of GHD eral up-dated constant$.The g, value in the ground was
and theV4+ Vg band of QDZ (See F|g 3_ In all cases, these taken to be+0.049 03(Refs 6 and Band then the excited
excitations of bending motion yield reduced excited state 9y value was varied to obtain the best agreement between the
values as is clearly evident from their ro-vibrational MvCD Simulated and the experimental MVCD spectra. The intensity
band profiles. Even for the hot combination bands,Of the absorption and MVCD spectra were calculated as
(A_+A,)/2 and A_—A,), respectively using Eq(11),
¢ summing over allJM) states and imposing a realistic band
shape upon the results. This simulation was carried out using
an Ardent Titan workstation with programs written in house.
Figure 8 shows the overall simulategl,¢(=0.86y,~) and
experimental MVCD and IR absorption spectra of ihe-vg
band of GH,. In general, the qualitative agreement is excel-

v—2v,tvg and vs—u,+2u5, Sseen in GH,, which are
my— (Il 7,) and my— (1l my) transition§ have the same ban
profiles indicating a reduction in moleculay value with
bending excitation.

Since they; stretching modes for 1D and GD, do not
show this trend, indicating no decreaseaginvalue for these

modes, the negativg seen for the combination bands must lent. The MVCD intensity variation between the and R

be due tq the change of_the molecula_r symmetry on bendlngranches are very similar for both the simulated and experi-
deformation. One possible explanation might be that themental MVCD spectra. However, as we have seen in our
bending motions impose a perturbation on theystem of previous simulations of DC1 and NHMVCD and absorp-
acetylene because the molecule is no longer perfectly lineagion spectra, the shape of the rotational envelope is distorted
Inaddition, upon time averaging, the effective C—H (fjattened in the experimental data as compared to the simu-
bondlength along the=&C axis will be shorter in the excited |ation. In addition, the intensity variation with nuclear spin is
bending levels than the ground state or in an excited stretChot as sharp as expected from theory. Both of these effects
ing mode. This change in geometry will lower the nuclearare probably due in part to photometric inaccuracy of our
contribution to theg, value, thus causing the positi@®  FTIR instrument for bands that are totally instrument line-
value to decrease in the excited bending levels. As the anwidth limited. Ratioing the moments of the simulated spectra
plitude of the bending motion increases, the electronic perto deriveA,/D,, for these bands does yield better agreement
turbation and the change in nuclear geometry will also beas shown in the last column of Table | where the trenddpn
larger leading to a larger changedn value. and gg(sim) show an excellent match indicating that we
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