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Vibrational Zeeman Effect for the v4 Mode of Haloforms (HCX3) Determined
by Magnetic Vibrational Circular Dichroism
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The magnetic vibrational circular dichroism (MVCD) spectra of the E-symmetry, v4 modes of HCCl3,
HCBr3, HCI3, and DCCl; are presented. In each case, an MVCD A term indicating a first order vibra-
tional Zeeman effect is observed. The vibrational g values for the v4 mode of these haloforms were
determined for the first time by moment analysis of the MVCD and absorption spectra. A partially
charged “elastic bar” model is proposed to qualitatively explain the observed MVCD A terms.

PACS numbers: 33.55.Be, 07.65.Gj, 35.20.My, 78.20.Ls

The rotational Zeeman effect has been studied for
many years, mainly by microwave spectroscopy and
molecular beam magnetic resonance methods. Almost all
of those studies have been focused on the Zeeman effect
in the ground vibrational state of relatively small mole-
cules because of the difficulty of measuring the Zeeman
effect in excited vibrational states using conventional
techniques. The analogous vibrational Zeeman effect has
been theoretically described by Howard and Moss [1] as
one component in the Hamiltonian for a general rotating,
vibrating molecule. There have been few experimental
measurements of the vibrational Zeeman effect, with
those by Hiittner and co-workers using microwave tech-
niques being notable exceptions [2-4].

We have developed a new molecular Zeeman tech-
nique, magnetic vibrational circular dichroism (MVCD)
[5,6], the differential absorption of left and right circular-
ly polarized light by a sample in a magnetic field collinear
with the light propagation direction. MVCD can mea-
sure the molecular Zeeman effect g values for various vi-
brationally excited states which are accessible in the in-
frared [7-9]. Because it is an intensity measurement,
MVCD can never have the quantitative accuracy of con-
ventional high resolution techniques based on frequency
measurement of the Zeeman shifts. However, MVCD in-
tensities are highly sensitive to small Zeeman splittings,
permitting measurement of “high resolution phenomena”
with a low resolution spectrometer. For example, Zee-
man splittings 3 orders of magnitude smaller than the
spectrometer resolution can be easily measured with
reasonable accuracy using MVCD. As a consequence,
MVCD is useful even for condensed phase molecules
[5,10-12].

Here we report the first MVCD results for the vy vi-
brational mode of the haloforms (HCX3, X =Cl, Br, I) in
both the gas and liquid solution phases. Analyses of these
data lead to the first determination of the vibrational
Zeeman effect for this mode in those species.

The MVCD spectra were measured using a Digilab
FTS-60 based Fourier transform infrared (FTIR) VCD
spectrometer combined with an Oxford superconducting

magnet which has been described in detail elsewhere
[6,12,13]. The optical and electronics design are the
same as previously used for our rotationally resolved
MVCD studies [7,8].

HCCIl3, HCBr3, HCI3, and DCCIl3 and the CS; solvent
were obtained commercially (Aldrich) and used without
further purification. The MVCD of HCCl;, HCBr3, and
HCI; in CS; solution were measured using a cell com-
posed of two KBr windows and a 2 mm Teflon spacer.
Gas phase spectra for HCCl3, HCBr3, and DCCl3; were
measured by expanding them into a 5 cm path length
brass cell sealed with KBr windows to obtain an absor-
bance maximum between 0.3 and 1.0 at the 4 cm ~! reso-
lution used.

The MVCD and absorption spectra for the v4 mode of
HCCIl3;, HCBr3, and HCI3 in CS; solution are shown in
Fig. 1. In each case, MVCD was observed having a
derivative shape with its negative component to high en-
ergy, which is termed a negative 4 term [14]. Relatively
strong signals (in terms of A4/A4) with little change be-
tween the halogens were seen (Table I). To compare the
Zeeman characteristics of the haloforms in solution to
those in the gas phase, we also measured the MVCD of
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FIG. 1. MVCD and absorption spectra of HCCls;, HCBr3,
and HCI3; measured in CS; solution. MVCD spectra are nor-

malized to 1 T. Absorption spectra are normalized to Amax
=1.0.
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TABLE I. Moment analysis results for haloforms.

Vo (Ao (A4 Ay/Do g

Haloforms em™) 073 A0~ 0™  (un)
HCCI;5(CS,) 1213.3 8.61 —14.3 —3.56 +0.33
HCBr3(CS;) 1141.2 2.74 —5.42 —4.09 +0.38
HCI3(CS3) 1063.1 6.00 -—10.2 —3.65 +0.34
HCCl;3(gas) 1219.8 9.89 —22.0 —4.76 +0.44
HCBr3(gas) 1148.1 2.53 —=5.15 —4.36 +0.40
DCCls(gas) 913.4 16.6 —16.8 -2.17 +0.20

vapor phase HCCl; and HCBr;. Other than a small in-
crease in intensity, the gas phase results were virtually
the same as for the condensed phase (Fig. 2). Finally, to
evaluate the isotope effect, we measured the MVCD of
gas phase DCCl; which had an A4 term of about half the
intensity of HCCI; at the appropriately shifted frequency
[Fig. 2(c)].

The moment analysis method [14] was used to extract
Ay, the MVCD A-term parameter, which is proportional
to the difference in ground and excited vibrational state
magnetic moments [14], and Doy, the transition dipole
strength, from the first moment of the MVCD ({AA4))
and the zeroth moment of the absorption ({A4)¢) spectra,
respectively. To minimize the effects of noise and base-
line shift on the determination of 4, and D¢, we curve fit
the MVCD and absorption spectra and used these for the
parameter determination. The moment analysis results
for the solution and gas phase haloform spectra, including
vo, (A, (AA),, and A /Dy are listed in Table I. For the
gas phase HCCl; MVCD spectrum, a very good signal-
to-noise ratio (S/N) and a baseline with practically no
offset was obtained. Consequently, the moments deter-
mined from the fit curve and by direct integration of the
experimental spectrum are virtually identical. A negative
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FIG. 2. MVCD and absorption spectra for HCCl;, HCBrs3,
and DCCIl; measured in gas phase. Pressures: 32, 10, and 16
Torr for HCCl;, HCBr3, and DCCl;, respectively. MVCD
spectra are normalized to 1 T. Absorption spectra are normal-
ized to Amax=1.0.

A-term MVCD was also obtained for the v4 mode of
HCF3;; experiments studying its other vibrations and an
alternate theoretical treatment are underway [12].

For the 4— F vibrational transition, by considering
only the first order Zeeman effect, we can use an effective
perturbation Hamiltonian of the form

H'=_ﬂ'B=_g(v=1),uNBMv, (l)

where B is the magnetic field strength, uy is the nuclear
magneton, and M, is the quantum number for the projec-
tion of vibrational angular momentum operator along the
magnetic field. This perturbation can operate in the basis
of |v,M,) states where v, the vibrational quantum num-
ber, can be 0 or 1, and M, can be 0 or £ 1 for the ground
and excited states, respectively. Modified expressions
[14] for A, and Do, appropriate for MVCD, can be de-
rived as follows:

Ay =241, = 1|1, £ 1D(€0,0lm |1, £ 1)|>2—=1€0,0lm +|1, £ 1)|?)
M

= —g" Y un/ug)B(0,0|m - |1,+ 1)|2+€0,0|m + |1, — D|?),

Do= 1t (J€0,0]m —|1,+ )| 2+ [€0,0|m + |1, — 1D]?) .

In these equations, u, is the vibrational magnetic moment l

in the applied magnetic field direction, m + = (m,
iimy)/\/f is the electric dipole moment operator for
right and left circularly polarized light, respectively, and
up is the Bohr magneton. These can be combined to give

= A
=1) — _ 1 ,UB_I 7))

2B uny Do’

Using Eq. (4) and the moment analysis results, the vi-
brational Zeeman g values listed in the last column of
Table I can be obtained. The negative 4,/Dq values
determined for the v4 mode in all six spectra yield posi-
tive values of g" ™! as is clear from an analysis of the po-
larization of transitions to the Zeeman split |v,M,) states

980

()
(3)

[7-9]. These g values can then be compared to theoreti-
cal predictions for the vibrational Zeeman effect.

The vibrational Zeeman effect of the v4 mode for these
haloforms can be modeled classically by the so-called
*“elastic bar” [15] with modification to include oscillation
of a partial charge on the end of the “bar.” Since the
carbon and halogen atoms are much heavier than the hy-
drogen atom, the v4, X-C-H deformation mode consists
mainly of hydrogen atom motion. As we have confirmed
by self-consistent field calculation for HCF;, a partial
positive charge is expected on the hydrogen atom due to
the large electron affinity of the halogens [16].

For vibrational excitations with right and left circularly
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polarized light, the phase difference between the x and y
components of the v4, E-symmetry vibration can be taken
as ¥ /2, corresponding to opposing senses of precession
of the C-H bond around the molecular C3; axis. The
resultant circular motion of the partially charged hydro-
gen atom leads to the vibrational magnetic dipole mo-
ment. When there is no magnetic field, the two vibration-
al components are degenerate, but in a magnetic field
they will be split in frequency leading to 4-term MVCD.

Using this model, a magnetic dipole moment of 0.8uy
can be estimated for the v4 mode of HCF; using a partial
charge of 0.20 on the H atom [16], a vibrational frequen-
cy of 1380 cm ~!, and an angle of deviation from the C;
axis of 17° (as estimated for a harmonic oscillator with a
force constant of 0.82 mdynA [17]). Our experimental
MVCD results for the v4 mode of HCX; (X =Cl, Br, or
I) suggest that the v =1 vibrational state has a magnetic
dipole moment of (0.3-0.5)uy. Considering the simplici-
ty of this classical model, the agreement obtained with
our experimental results is excellent.

We observed a smaller g value (0.20) for DCCIl; than
for the HCCIl; which is also qualitatively consistent with
the prediction of this model. Since deuterium substitu-
tion reduces both the vibrational amplitude and frequen-
cy for the v4 mode, but does not change the charge, a
smaller magnetic moment would be expected.

From Table I it can be seen that somewhat higher g
values were obtained for HCCl; and HCBr; (less so) in
the gas phase than in CS; solution. In this classical mod-
el, such a change may arise from increased amplitude of
H-atom motion in the gas phase. Alternatively, the
Coriolis interaction [18] may cause the increased gas
phase vibrational Zeeman effect. This perturbation en-
hances the elliptical motion of the hydrogen atom around
the molecular axis and is normally considered to be the
major contributor to the vibrational Zeeman effect of
small gas phase molecules [18]. In some cases, the
molecular vibrational Zeeman effect due to Coriolis cou-
pling is substantial, as we have shown for the v4 mode of
methane [8]. In the haloforms, since the rotational g
value is small [19], the Coriolis contribution is expected
to be small [18]. By contrast, the MVCD observed for
the haloforms in CS; solution should be due to molecular
vibration alone since the molecular rotations of haloforms
are presumably quenched in the solution phase. The
similarity of the gas phase and solution phase results em-
phasizes the dominance of the vibrational Zeeman effect
in these molecules. This is distinct from the examples of
rotationally resolved MVCD we have previously reported
[7,9] where the rotational Zeeman effect was the dom-
inant effect.

The MVCD of the 4;-symmetry, vi mode for HCBr3
and HCI; solution was previously reported [20] to consist
of only MVCD B terms, which are single-signed MVCD
bands due to the second order Zeeman effect mixing and
shifting states [14]. In terms of A4/A, for the same

magnetic field strength, those B terms were more than an
order of magnitude weaker than the 4 terms shown in the
figures here. It is expected that MVCD A terms would
not be observed for the v; mode since it is nondegenerate
and the molecular rotations are quenched in the solution
phase.

Previous MVCD studies of the haloforms [20] have
been qualitatively interpreted in terms of a vibronic cou-
pling model [21]. The increase in intensity with increas-
ing haloform masses for the v; mode MVCD correlated
to the decrease in the respective electronic excited state
energies. However, such a correlation is not seen for the
v4 mode MVCD, indicating that the MVCD reported
here is dominated by the nuclear contribution. Further-
more, predictions using the vibronic coupling model based
on electronic MCD data for HCI; [22] give an estimate
of A,/Dy that is an order of magnitude too small [12].
This further confirms the empirical observation above
that the nuclear contribution dominates the observed v
mode A4 terms and supports the appropriateness of the
simple classical analyses above.

In conclusion, the MVCD A terms observed for the E-
symmetry, v4 mode of several haloforms indicate that the
spectra are dominated by the first order vibrational Zee-
man effect. The vibrational g value for the v4 vibration is
here obtained for the first time using the MVCD tech-
nique. The observed vibrational Zeeman effect can be
approximately explained by the classical oscillation of the
hydrogen atom modeled as a partially charged elastic bar.
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