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Temperature and Phase Effects on the Overtone Spectra of Several Adamantanes
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The overtone spectra of adamantane, 1-chloroadamantane, and hexamethylenetetramine have been recorded
in various phases and at several temperatures. Phase effects and temperature effects on the overtone spectra
are discussed. The vibrational overtone spectra are recorded by conventional near-infrared spectroscopy and
by intracavity laser photoacoustic spectroscopy. Peaks corresponding to the nonequivalent CH oscillators of
adamantane vapor and 1-chloroadamantane vapor are assigned. Absolute oscillator strengths of adamantane
are determined from the conventional spectra, and they are compared with values calculated with a harmonically
coupled anharmonic oscillator local mode model and ab initio dipole moment functions. Very good agreement
between observed and calculated intensities is obtained.

Introduction Experimental Section

Crystalline adamantane (Aldrich, 996, mp 268°C) and
1-chloroadamantane (Acros, 98%, mp +d%6 °C) were used
without further purification except for degassing, and hexa-
methylenetetramine (Acros, 99%, unstabilized, mp Z5pwas
used without any further purification.

The local mode model of molecular vibration can be used to
interpret CH stretching overtone spectfa.Overtone energies
are calculated with a harmonically coupled anharmonic oscillator
(HCAO) local mode model=® Peak positions are sensitive to

the CH bond Iength_é. The shortest CH bonds are expe_cted tc_) Vapor-phase spectra of adamantane and 1-chloroadamantane
correspond to the highest frequency CH stretching oscillator in o1 recorded in the regions correspondinges = 2 and 3
f'accorq .With the frequency bond length correlatio®@vertone _ with a conventional spectrophotometer (Cary Se-Né—near-
intensities of reasonable accuracy have been calculated Wlth|R) that was fitted with a variable path length White cell (Wilks
vibrational wave functions from the HCAO local mode model variable path length cell fitted with BK7 Schott glass windows
and ab initio dipole moment functiofts*4 from Melles Griot). Background scans with an evacuated cell

The ab initio geometry optimized structures of adamantane, were recorded and subtracted for each of the Cary spectra. The

1-chloroadamantane, and hexamethylenetetramine are depictegPectra in the regions correspondingAecy = 4 and 5 of
in Figure 1, with labels for the nonequivalent CH bonds. In adamantane and 1-chloroadamantane were recorded with in-

tracavity laser photoacoustic spectroscopy (ICL-PAS). Our
, _version of ICL-PAS has been described elsewi&fé. An
Adamantane possesses two solid phases; one phase i§qon jon pumped titanium:sapphire solid-state broad band
o_rlentat|0nally ordered and_the other phase is orientationally {,naple laser (Coherent 890) with mid- and short-wave optics
disordered® At atmospheric pressure and below 208.6 K \yas used for thé\vcy = 4 and 5 regions, respectively. The
adamantane exists in the ordefgghase, and above 208.6 K apsolute absorbance is not known with our ICL-PAS apparatus,
(the o phase) the orientational order is lost. In the high- so we can only obtain relative intensities in the ICL-PAS
temperature disordered phase and in the vapor phase there arspectre2! The photoacoustic cell contained an electret micro-
two types of nonequivalent CH bonds, the methine and phone (Knowles Electronics Inc., EK3132). The cell was filled
methylene. However, in the low-temperature ordered phase ofwith Krypton buffer gas at a pressure of H065 Torr to
adamantane, there are four types of nonequivalent CH bonds.increase the photoacoustic sigfal.
The nonequivalent CH bonds have been studied with infrared  In the room-temperature ICL-PAS spectra of adamantane,
spectroscopy by Corn et df,who used isotopically dilute — water absorptions interfered with the weak adamantane pho-
CioD1sH in a host crystal of perdeuterated adamantane. The toacoustic signal. To reduce the amount of water present, a
phase transition of adamantane has been studied previously byt:1 mixture of anhydrous Ca(Okfaind MgSQ was added to
Raman”18 and infrared® spectroscopy. The Raman and @damantane, and the components were mixed undep a N

infrared spectra of the low-temperature ordered phase show newftmosphere. Further drying techniques were used, which have
factor-group splittings and some new bands. been described previousty. The drying agents were not used

) at elevated temperatures, because the increased temperature
In the present paper we report the CH stretching overtone \yoy|d release the water absorbed by the drying agents. The
spectra of adamantane in the vapor phase, in solution, and intacky composition of 1-chloroadamantane rendered the use of
two solid phases. A calculation of the overtone intensities of the drying agents impractical.
adamantane is also given. Some overtone spectra of the The compounds used in this study are relatively nonvolatile.
adamantane analogues, 1-chloroadamantane and hexamethyHowever, with heating, the vapor pressure of the sample may
enetetramine, are presented, and phase effects and temperatutee increased and thus give a stronger signal for a vapor-phase
effects are examined. photoacoustic experiment. The elevated temperature depen-

this paper, the focus will be predominantly on adamantane.
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Figure 1. Geometry-optimized structures of (a) adamantane (HF/6-&(#,p)), (b) 1-chloroadamantane (HF/6-31G(d,p)), and (c) hexamethyl-
enetetramine (HF/6-31G(d,p)). Bond lengths in angstroms.

dence studies were conducted with a cork insulated oven,transition from the ground vibrational stageto an excited
constructed of aluminum and consisting of a small heating coil vibrational statee is given by?25

and fan. The temperature was controlled with a Variac and

monitored with a mercury thermometer placed through a small f=4.702x 10’ [Cm_l D_2]1”/eg|ﬁeg|2 (1)

hole in the top of the oven. The oven was fitted on the

photoacoustic cell holder with the photoacoustic cell already wherevegis the transition frequency in cm andgieg = [@[zi|g0

in place, and approximately 20 min was allowed to elapse to is the transition dipole moment in debyes. We obtained
reach thermal equilibrium. The temperature remained within experimental solution-phase adamantane oscillator strengths with
+2 °C during a scan. Hexamethylenetetramine was so non-the expressio¥-26

volatile that no photoacoustic signal of its vapor could be

detected. f=4.3192x 10 ?(molem ) =L ra 5) a7
Adamantane and 1-chloroadamantane were dissolved in CCI (n"+2) cl
to produce 0.50 and 0.60 M solutions, respectively. Spectra of 2

these solutions were recorded in 10-cm quartz cells withy CCl
in a 10-cm reference cell on the Cary spectrophotometer at room
temperature. A suitable solvent for hexamethylenetetramine
could not be found. We found that hexamethylenetetramine
was only readily soluble in solvents that contained XH bonds,
ﬁnd thushthle solvent band Lntens!tles overwhelmed the weaker Adamantane has four equivalent methine hydrogens and 12
examethylenetetramine absorption. equivalent methylene hydrogens. The coupling between the

The overtone spectra Qf the three adamantane solids Werhethine and methylene hydrogens will be small, since they are
recorded on the Cary with a 2-mm quartz cuvette at room

temperature. For the reduced temperature studies, the quart attached to different carbon atorfs> We use the local mode

P : L . P €s, the q %heory of harmonically coupled anharmonic oscillators (HCAQO)
cuvette was placed inside a variable-temperature I_|qU|d_n|trogen and neglect this small coupling. Thus we treat adamantane as
cryostat (Oxford Instruments model DN704) W'.th ar as a nonequivalent isolated methine and methylene groups, with each
reference. The temperature was measured with a type K

i ckel—chromi ickelalumi th le. Th CH bond described by a Morse oscillator. A brief outline of
nICKe™chromium Versus nickelauminum termocouple. e e model used to calculate the intensities of the methine

solid-phase spectra had relatively high absorbance baselines dugscillator is presented, and we refer to recent papers for an

ol scateg by e Sample, S0 & 0t SEPLAor U Uanayss ofthe HCAD focal mode o and e procecures
P used to determine ab initio dipole moment functions for the

The spectral bandwidth (slitwidth) of the Cary was preset to 013
15 t d luti d a hiah sianal-to-noise MetYlene group’
> 1M 10 enstire good resolion and & high signario-noise The zeroth-order Hamiltonian for the methine CH group can

wheren is the refractive index of the liquid (Cgl c is the
molar concentration] is the path length, andyyy is the
absorbance of the solution. It has been assumed that the
refractive index of CCJ (n = 1.4601¥" is unchanged with the
addition of adamantane.

ratio. .
The overtone spectra were decomposed with a deconvolutionbe written a&
program in Spectra Café. The spectra were deconvoluted into (HO _ Eﬁﬁ/h0= 0,0, — (Ua2 + ) v, X 3)

a number of Lorentzian peaks and a linear baseline. The
deconvolution yields peak positions, areas, and bandwidths.
Uncertainty in the deconvolution is highly dependent on peak
resolution. For well-resolved peaks, we typically estimate the
uncertainty to be less than 5 cinfor peak positions and less
than 10% for intensities. However, for the poorly resolved
peaks in the adamantanes, we estimate a higher uncertainty, o
the order of 10 cm! for peak positions and 50% for intensities.
Bandwidths are given as the full width at half-maximum (fwhm).

where @, and @ax, are the local mode frequency and anhar-
monicity of the methine CH oscillator. E?OD is the zeroth-
order energy of the ground state. The eigenstates for the
methine group can be written &&[] wherev, is the quantum
number of vibrational excitation in the methine oscillator. These
rt]—:igenstateS are Morse oscillator wave functions.

The dipole moment function is given in our approximation
as a series expansion in the internal CH displacement coordinate,
Theory g. For a methine CH oscillator, we have

Overtone intensities are generally reported as the dimension- a(q) = Z aq 4)
less quantity, oscillator strength, The oscillator strength of a T
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where

. 1da
T 5
AT | ®)

We limit the expansion in eq 4 to fourth-order terthsAb
initio molecular orbital theory is used to calculate dipole moment
values at geometries in which one of the CH bonds is displaced
from equilibrium. This provides one-dimensional grids of the
dipole moment as a function of and allows us to determine
the coefficientsi;.

Intramanifold coupling between oscillators bonded to the
same carbon, as in a methylene group, is signifi¢anthe
perturbation is

Relative Intensity
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Figure 2. Room-temperature overtone spectra of adamantane solid

H' top), 0.50 M solution (middle), and vapor0Q.2 Torr) in theAvcy =
intra o Eo, o Id 'L.ddrh) r? f2 02( m?).loh (solution)
= _ ' + 6 region measured with path lengths of 2 mm (solid), 10 cm (solution),
he ZV bd@ * 83 ©) and 20.25 m (vapor).
with the coupling parameters
bc — (Vbc - d)bz)\/ C'Z)bébc (7) 2
[
where a” and a are step up and step down operaférs, §
respectively, and the indicésandc refer to the methylene CH <
bonds. 0
The parameterg and¢ are defined by 5
U]
. 1 Gy _ cosof,  m\* «
Yoo =~ > |1, ®)
beG my
0500 OOO
and Wavenumbers / em ™!
= Figure 3. Room-temperature overtone spectra of adamantane solid
==—— top), 0.50 M solution (middle), and vapor0Q.2 Torr) in theAvcy =
B = 2 —2 @  (op) lution (middle), and 0.2 Torr) in th
¢ 2 /beFcc 4 region measured with path lengths of 2 mm (solid) and 10 cm

(solution). The vapor-phase spectrum was measured by ICL-PAS in

where theGy;, are the WilsonG-matrix elements! 0 is the the presence of 165 Torr of Kr buffer gas.

HCH bond angle, ananc and my are the C and H atomic

masses, respectively. Thgnare the force constant parameters.

The y' parameter represents the coupling strength between

oscillators. Within this approximation, the (intramanifold) ;
term couples two states within the same manifold. The kinetic

term, y , depends only on th& matrix and thus only on the

geometry and composition of the Xligroup, while the potential

term ¢ depends only on the force constaRgm which can be .
obtained from an ab initio calculation. Alternativelyy. can

be approximated directly from the spectra (vide infra).

Relative Intensity

All of the ab initio calculations used Gaussian®2Intensi-
ties were calculated with dipole moment grids that were

generated at the self-consistent-field Hartréeck (HF) level 12800 13000 3200 13400 13600

with the STO-3G, 6-31G(d), and 6-3165(d,p) standard basis Wavenumbers / cm !

sets. Figure 4. Room-temperature overtone spectra of adamantane solid
. . (top), 0.50 M solution (middle), and vapor0.2 Torr) in theAvcy =

Results and Discussion 5 region measured with path lengths of 2 mm (solid) and 10 cm

(solution). The vapor-phase spectrum was measured by ICL-PAS in

The local mode theory of molecular vibration is used to the presence of 110 Torr of Kr buffer gas.

explain the CH stretching overtone spectra of the adamantanes.
A single peak is expected for each nonequivalent CH bond. On lengths. For hexamethylenetetramine only one peak is predicted,
the basis of the local mode model, we would expect two peaks since it contains six equivalent methylene groups.

in the adamantane overtone spectrum corresponding to the Phase Effects. The overtone spectra of adamantane in the
methine and methylene CH bonds. For 1-chloroadamantaneregions corresponding thvcy = 3—5 are presented in Figures
there are four nonequivalent CH bonds. However, the HF/6- 2—4. The observed frequencies of the adamantane pure local
31G(d,p) geometry optimization gives only three different CH mode peak$v00 and |v[] which represent the methylene and
bond lengths. The nonequivalent methylene CH bonds labeledmethine CH bonds, respectively, are shown in Table 1 along
CH. are not expected to be resolved due to their equivalent bondwith the observed frequencies of the combination bands. The
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TABLE 1: Observed Frequencies (cntt) and Peak

Assignments in the Room-Temperature Overtone Spectra of
Adamantane in Various Phases
assignment vapor solid in CClI %
combination 5529 5472 o
combination 5572 5510 c
1200 5646 5555 o
|200 5691 5624 >
120 5707 5679 o
1110 5808 5782 E
combination 5843 5804
combination 8114 8086 V/N
combination 8169 8135
a0 310 286 294 000 5200 8400 8500
| -1
combination 8354 Wavenumbers /- cm
combination 8382 8387 8385 Figure 5. Room-temperature overtone spectra of 1-chloroadamantane
combination 8422 solid (top), 0.60 M solution (middle), and vapor in thecy = 3 region
combination 8473 measured with path lengths of 2 mm (solid), 10 cm (solution), and
combination 10 544 23.25 m (vapor).
combination 10 661
400 10776 10769 10 768
|40 10 820
combination 10902
15000 13159 13149 13 146 >
150 13 228 ?
20Only one peak was resolved in these regions. g
TABLE 2: Local Mode Parameters (cm™1) of Adamantane v
in Various Phases =
) x ) X o
vapor 3021+ 72 65.1+ 1.3 3019+ 9 62.4+1.7
0.5MinCCl, 2991+ 11° 60.3+2.1°
li 2986+ 9° 2+ 1. ‘ ! ! ‘
solid 9oL Y 592+ 18 10600 10800 11000 11200
a parameters for the methylene grofParameters for the methine Wavenumbers / cm ™'

group.¢ Parameters obtained by fitting the single peak&\ofy = 4

and 5 with|300J. Figure 6. Room-temperature overtone spectra of 1-chloroadamantane

solid (top), 0.60 M solution (middle), and vapor in thecy = 4 region

- measured with path lengths of 2 mm (solid) and 10 cm (solution). The
frequencie$ of the local mode peak$.0L1 and|v[yhave been  anorphase spectrum was measured by ICL-PAS in the presence of
fitted to a two-parameter Morse oscillator energy expression 120 Torr of Kr buffer gas.

vlv=a0 — (v + L)X (10) fundamentals of adamantane, and we observe it in the overtone
regions as well. The shift is clearly depicted in Table 1, where
in order to obtain values of the local mode frequercyand the positions of the condensed-phase peaks lie lower in energy

anharmonicityx of the two nonequivalent CH oscillators. The than the vapor-phase peaks.
local mode parameters of adamantane in various phases are There is a decrease in the anharmonigikyfor the condensed
given in Table 2. phases relative to the vapor. This trend is in agreement with
The ab initio geometry optimization of adamantane has a the behavior of viscosity-dependent barriers as described by
methine CH bond length 0.001 A shorter than the methylene Dellinger and Kash& Dellinger and Kasha proposed that as
bonds. Thus, with this difference in bond length, we would the viscosity of the medium increased, intermolecular perturba-
expect to resolve two peaks in the overtone spectra, with thetions will also be increased, and the movement of the oscillators
shorter methine having the higher frequency. Inspection of the in the higher viscosity medium would be more restricted, leading
overtone spectra shows that in the vapor phase there are twdo a more harmonic vibrational potential.
overlapping peaks due to the methylene and methine CH bonds. 1-Chloroadamantane. The overtone spectra of 1-chloro-
The higher overtones in the solid and solution give rise to one adamantane in the regions corresponding\tgy = 3—5 are
broad peak; this is to be expected because of the similar bondgiven in Figures 57. The observed frequencies and assign-
lengths of the methylene and methine groups and the typical ments of the vapor-phase overtone transitions are listed in Table
line shape broadening that occurs in solid and solution. 3. The labeling of the transitions follows the labels of the CH
The local mode parameters indicate the transition from vapor oscillators in the geometry-optimized structure of 1-chloroada-
to solid causes a significant decrease in the local mode frequencymantane (Figure 1). The shifts in the overtone peak positions
@®. Generally, an increase in dispersive forces (attractive forcesbetween the vapor and the other two states are presented in Table
between molecules) results in a lowering (red shift) of funda- 4. Similar to adamantane, all of the condensed-phase transitions
mental vibrational frequencies. The increase in intermolecular of 1-chloroadamantane are red-shifted relative to the vapor-phase
attractive forces in the condensed phase will lead to a decreaseransitions.
in the intramolecular CH bond strength and thus to slightly lower  In the vapor-phasAuvcy = 4 and 5 regions, three overlapping
CH stretching frequencies. There is ample experimental datapeaks are observed corresponding to the three different CH
for this red shift of fundamental CH stretching frequenédfes. oscillators. The assignments are consistent with the predictions
The red shift is observed between the sHlidnd vapol® based on the HF/6-31G(d,p) geometry optimization. Like
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sharper and better resolved than the room-temperature spectrum.
In the room-temperature spectrum, the methylene local mode
peak is centered at 8245 c with a higher energy shoulder
due to the methines at 8286 cin In the low-temperature
ordered phase, there is a significant change in this region. A
definite trio of CH stretching local mode peaks appearing at
8230 cn1! (peak 1), 8261 cm! (peak Il), and 8308 cmt (peak
[Il) are observed. Peak Ill contains a low-energy shoulder,
which is assigned as the fourth CH stretching local mode peak.
The low-energy shoulder was not well-resolved, so when a peak
was assigned to it in Spectra Calc the deconvolution gave
, ‘ ‘ . unrealistic results; that is, it produced peaks that were obviously
13000 13200 13400 13600 too broad. However, the assignment of the shoulder as a pure
Wavenumbers / cm ™' local mode transition appears to be valid since the intensity of
Figure 7. Room-temperature overtone spectra of 1-chloroadamantane peak Il with the shoulder is twice that of peak | or peak Il. To
solid (top), 0.60 M solution (middle), and vapor in thecy = 5 region a zeroth-order approximation, we would expect the four

measured with path lengths of 2 mm (solid) and 10 cm (solution). The nonequivalent CH oscillators of the ordered phase to have the
vapor-phase spectrum was measured by ICL-PAS in the presence Ofsame intensity.

115 Torr of Kr buffer gas. . .
Corn et al*® assigned the lowest frequency CH stretching

Relative Intensity

TABLE 3: Observed Frequencies (cml) and Peak band in the fundamental region of the low-temperature ordered
Assignments in the Room-Temperature Vapor-Phase phase of adamantane to the methine group with the aid of a
Overtone Spectrum of 1-Chloroadamantané deuterated analogue. In the absence of overtone studies of
assignment frequency assignment frequency  deuterated analogues of adamantane, it is not possible for us to
|200ds 5701 combination 10 755 make definitive assignments of this type.
|20with |200d. 5723 |400d. 10827 The solid-phasé\vcy = 4 and 5 regions of adamantane are
ggmg:zgggg ggg Iiggi ig g?; interesting. In both regions, the overall bandwidth of the lower
combination 5861 combination 10 956 temperature samples is greater than the room-temperature
combination 5884 counterpart (approximately 109 and 49 crwider for theAvcy
|500d. 13 166 = 4 and 5 regions, respectively). The increase in width is
combination 8126 |50 13 260 opposite to the usual narrowing that occurs with a decrease in
ggmmgggﬂ g%gg 15004 13365 temperature. The broadening of the overtone regions in
13004 8311 adamantane occurs because the increased number of nonequiva-
130 8368 lent CH bonds in the low-temperature ordered phase leads to a
| 300 8430 greater splitting between the local mode peaks. The low-

temperature solid-phase spectra are not well-resolved, but a trio

a See Figure 1 for definitions of the andc CH bond labels. . . -
of peaks are observed in thevcy = 4 region and the wide

TABLE 4: Shifts in Overtone Peak Positions (cnt?) shoulders of the\vcy = 5 band provide evidence of the extra
between Different Phases of 1-Chloroadamantane nonequivalent CH stretching local modes. Local mode param-
state Pyapor — Vsolid Pvapor = Vsolution eters were not calculated for the CH oscillators of the low-
1303 +53 133 temperature adamantane sample due to the low resolution of
130 +51 +36 the local mode peaks.
|300d +30 +25 The room-temperature and cryogenic solid-phase overtone
|40 +17 +19

spectra of 1-chloroadamantane corresponding toAthg =
3—5 regions are shown in Figures-113. 1-Chloroadamantane
adamantane, in thAvcy = 4 and 5 regions of the solid and  undergoes an ordedisorder transition at 244.2 6 however
solution, only one broad peak is observed. Thus a fit of three no information was found in the literature regarding the
peaks to eq 10 could not be performed with the solid and molecular orientation in the low-temperature ordered phase. The
solution. However, a fit was made of the methine peak in the 1-chloroadamantanélvcy = 3—5 overtone regions were
Avcy = 3 region with the single bands in thevcy = 4 and 5 recorded at 90 K. Besides the narrowing of the low-intensity
regions. This is a reasonable assumption, because the methingombination bands, broadening of the local mode peaks between
bond length is the average bond length for the CH oscillators 8294 and 8461 crrt in the low temperaturéucy = 3 region
of 1-chloroadamantane and consequently it is energetically is observed in comparison to the room-temperature spectrum.
predicted to lie between the two different methylene peaks. The The line shapes and line widths between the ordered and
local mode parameters of 1-chloroadamantane are given in Tabledisordered phases of 1-chloroadamantane imihg, = 4 and
5. The local mode frequendy and anharmonicit@ox decreased 5 regions are unchanged within experimental error. The room-
by approximately 48 and 8 cm, respectively, on the passage temperature overtones are red-shifted in relation to the low-
from vapor to solid. As with adamantane, we attribute the temperature overtones. For example,|8@&4d. local mode peak
decrease in® to an increase in dispersive forces in the inthe room-temperature spectrum lies 30éower in energy
condensed phase and the decreaséxrio a solvent matrix than in the low-temperature spectrum. A similar red shift is
perturbation. observed in theAucy = 4 and 5 regions, in which the room-
Temperature Effects: Solid Phase. The overtone spectra  temperature peaks are red-shifted by 33 and 43'cnespec-
of adamantane in thAucy = 3—5 regions in the ordered and  tively. The red shift indicates the CH bonds of 1-chloroada-
disordered phases are shown in Figured8. In theAvcy = mantane are weakened more by dispersion forces in the
3 region, the low-temperature (ordered phase) spectrum is muchdisordered phase.

50 +17 +14
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TABLE 5: Local Mode Parameters of 1-Chloroadamantane in Various Phases

CHc CHp CHa,
0] WX ) WX 0] WX
vapor 3063+ 11 71.7+£ 2.3 3069+ 6 69.941.2 3058+ 18 64.5+ 4.0
solution 3033+ 4 64.1+ 0.7
solid 3020+ 6 61.941.2

aThe single peaks observed for thecy = 4 and 5 overtones of the solution and solid were treated as methine peaks (see text).
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Figure 8. Overtone spectra of 113 K (ordered phase) adamantane solid Figure 11. Overtone spectra of 90 K (ordered phase) 1-chloroada-
mantane solid (top) and room-temperature solid (disordered phase) in

(top) and room-temperature solid (disordered phase) im\thg = 3
region measured with a path length of 2 mm.
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Figure 9. Overtone spectra of 113 K (ordered phase) adamantane solid Figure 12. Overtone spectra of 90 K (ordered phase) 1-chloroada-
mantane solid (top) and room-temperature solid (disordered phase) in

(top) and room-temperature solid (disordered phase) im\thg = 4
region measured with a path length of 2 mm.
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Figure 10. Overtone spectra of 113 K (ordered phase) adamantane Figure 13. Overtone spectra of 90 K (ordered phase) 1-chloroada-
mantane solid (top) and room-temperature solid (disordered phase) in

solid (top) and room-temperature solid (disordered phase) ihthe
= 5 region measured with a path length of 2 mm.

The room-temperature and cryogenic (113 K) solid-phase mine than for either adamantane or 1-chloroadamantane. The
overtone spectra of hexamethylenetetramine corresponding tomore complicated profile is unexpected because hexamethyl-
enetetramine only has methylene groups, as opposed to the

Avcy = 3 region is more complicated for hexamethylenetetra- methylene and methine groups possessed by adamantane and

the Avcy = 3—5 regions are shown in Figures-146. The
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the Avcy = 3 region measured with a path length of 2 mm.

J\

11500

Relative Intensity

10500 11000

. -1
Wavenumbers / c¢cm

the Avcy = 4 region measured with a path length of 2 mm.
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the Avcy = 5 region measured with a path length of 2 mm.
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Figure 14. Overtone spectra of 113 K hexamethylenetetramine solid
(top) and room-temperature solid in tidecy = 3 region measured
with a path length of 2 mm.
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Figure 15. Overtone spectra of 113 K hexamethylenetetramine solid
(top) and room-temperature solid in thecy = 4 region measured
with a path length of 2 mm.
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Figure 16. Overtone spectra of 113 K hexamethylenetetramine solid
(top) and room-temperature solid in tecy = 5 region measured
with a path length of 2 mm.

1-chloroadamantane. While the room-temperatrey = 3
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Figure 17. Vapor phase photoacoustic overtone spectra of adamantane
in the Aucy = 5 region at 87, 78, 57, and 2€ from top to bottom,
respectively. The spectra were measured by ICL-PAS in the presence
of 110 Torr of Kr buffer gas.

@x = 54.7+ 1.7 cntL. The local mode frequency of solid
hexamethylenetetramine is similar to the local mode frequencies
of the two other solid adamantanes, but the anharmonicity is
comparatively lower (54.7 cm compared with 61.9 cri for
1-chloroadamantane and 60.3 Thior adamantane).

Lowering the temperature of hexamethylenetetramine resulted
primarily in a sharpening of the combination bands inshey
= 3region. IntheAvcy = 4 region, there was a slight increase
in structure, but the overall bandwidth remained the same at
both temperatures. Faxvcy = 5, the low-temperature band-
width is narrower by about 50 cm.

Temperature Effects: Vapor Phase. The vapor-phase
photoacoustic spectra of adamantane recorded at various tem-
peratures in theAvcy = 5 region are shown in Figure 17.
Heating nonvolatile samples can be advantageous because it
raises the vapor pressure and hence provides an increased signal.
An increase in signal-to-noise is especially important when
dealing with CH stretching overtones, which are intrinsically
very weak transitions. We have observed that the sensitivity
of the microphone rapidly decreases above 130so spectra
recorded above this temperature are unreliable. It has been
proposed that some overtone bands that have in the past been
assigned as combination bands due to nonequivalent oscillators
may actually be hot band$. No hot bands were observed under
the mild heating conditions of this study.

Adamantane Overtone Intensities. The dipole moment
function, the vibrational energies, and the vibrational wave
functions are required to calculate overtone intensities (see eq
1). For the vibrational part of the intensity calculation, the
HCAO model is used with only three parameters: the local
mode frequency®, the local mode anharmonicitgx, and the
intramanifold coupling termy’. All three parameters can be
obtained from the observed spectra, or alternativelyan be
obtained from an ab initio calculation. Intensities with

solid-phase overtone spectra of adamantane and 1-chloroadacalculated ab initio and from experimental results will be
mantane have relatively smooth band profiles, the spectrum of presented and compared. Note that none of these parameters
hexamethylenetetramine has many sharp combination peaks or@ré chosen on the basis of fitting the observed intensity data.

the high-energy side of théévcy = 3 band. However, as with
the other adamantanes, only one peak is observed intbg

The dipole moment function is generated from ab initio
calculations. As expected, the calculated dipole moment of

= 4 and 5 overtone regions of hexamethylenetetramine, althoughadamantane in its equilibrium geometry was zero. Dipole
some residual structure is present in the low temperature moment grids were calculated for adamantane at the HF level

spectrum atAvcy = 4.

The room-temperatu@0d peak of hexamethylenetetramine
at 8334 cm! was fitted to eq 10 to the lonkvcy = 4—5 bands
to yield the local mode parameteiis= 2998+ 9 cnr! and

with the STO-3G, 6-31G(d), and 6-31G(d,p) basis sets with
the Gaussian 92 ab initio molecular orbital program. The
notation, andzinc has been used, where the letén i, refers

to the methine CH bond and the lettdérandc in zip. refer to
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TABLE 6: Ab Initio HF/6-311+G(d,p) Dipole Moment
Derivative Expansion Coefficients for Methine @) and
Methylene (b, ¢) CH Bonds in Adamantanet

Howard and Henry

TABLE 7: Calculated Frequencies (cnT?) and Oscillator
Strengths, f, for CH Stretching of the Six Methylene Groups
of Adamantane at the HF/6-311-G(d,p) Levek

Ha z e X y z
/DAY —1.33326 udDA —0.728 87 0.80506—-0.515 39
Ua/DA-2 —210486 fiyDA2 —1.05320 1.06692—0.744 73
7/D A-3 —0.486 70 zisyD A= —0.23030 0.16153—-0.162 86
iJDA-4 017734 DA% 011419 0.16211 0.08102

#/DA-2 053604 0.00000 0.37903
U2/DA=3 026104 0.35685 0.18462

@ The indices refer to the order of the expansion coefficients (see eq
5) for methine. For methylene,
G = 1 9t
[T
B aqlb aqjc e

the respective CH bonds in the methylene group. The derivative
coefficients for the methylene group were calculated from an
ab initio 7 x 7 grid with a stepsize of 0.1 A between the grid
points (maximum displacements from equilibrium-60.3 A).
Only the upper triangle of the grid points plus the diagonal was

necessary because of the equivalence of the methylene CH

oscillators; that is, 28 points were calculated instead of 49. For
the methine CH, a 1-D grid of 7 points was computed with the
same stepsize and displacements. The HF/6F&(H,p) dipole
moment expansion coefficients for the methine and methylene
CH bonds are given in Table 6.

The dipole moment expansion coefficients for the methine

and methylene CH bonds have characteristics similar to those

that have been noted previously for other molecilé8. That

is, the magnitude of the diagonal terms fall in the order second
> first > third. Thus higher than linear terms in the dipole
moment function are essential if accurate overtone intensities
are sought. The relative magnitudes of the methine dipole

moment derivatives are greater than the corresponding meth-

ylene derivatives. This suggests that the methine CH oscillator
will have a greater intrinsic intensity than a methylene CH. Of
course, the greater number of methylene oscillators will
undoubtedly lead to a greater overall methylene intensity in the
overtone spectra. Theaxis has been selected to pass through
the methine CH bond and the plane bisects the methylene
HCH angle, as shown in Figure 1. Note that in this axis system
they component ofi; is expected to be zero by symmetry.

A value for the effective intramanifold coupling term
was calculated with Gaussian 92. The kinetic ppgt,(eq 8),
is determined by the geometry of the HCH fragme®irfiatrix
elements), and the potential pa#,, by the relevant force
constants. The angle HCH was determined to be 2(f6éo8n
the geometry optimization. Calculation of the force constants
in internal coordinates yieldedy, = F¢c = 0.363 986 au and
Foc = 4.49904x 1073 au (hartree/boR). The valueyy,d = 15
cm~1 was obtained from eq 7 with the values waf. and ¢u.
and the experimental local mode frequerigy The coupling
parameter of 15 cri is the same value as that calculated for
the similar molecule cyclohexang.lt is also possible to provide
direct experimental evidence to compare with the calculated
value ofyp. For an XH group with similar bonds, the splitting

frequency f

state Vbc' =15 Vbc' =39 fy’bt,:ls fy’b(,:39

200 5645 5615 2.1x 1077 9.0x 10°8
|110 5788 5818 4.3 1077 5.5x 1077
|20 5651 5651 1.6< 1077 1.6x 1077
total 8.0x 1077 8.0x 107/
|1300 8279 8260 6.8< 1078 5.7x 1078
2100 8515 8486 6.% 10°° 1.8x 10°8
210 8574 8633 5.1x 107° 8.5x 107°
|30 8279 8268 4.2 1078 3.8x 1078
total 1.2x 1077 1.2x 1077
1400 10 780 10 766 7. 10°° 6.6 x 10°°
13100 11 156 11101 1.4 1010 4.8x 10710
|220 11 321 11 390 1. 10 79x 101
13100 11175 11188 4% 10710 9.4x 10710
14000 10 780 10767 6. 10°° 5.6 x 10°°
total 1.4x 108 1.4x 108
|500 13150 13137 7.% 10710 7.0x 10710
|5000 13 150 13137 9.k 10°1° 8.6 x 10710
total 1.7x 107° 1.7x 107°
|60 15 390 15 378 8.4 1071 8.2x 101
|60 15 390 15378 1.5 10710 1.5x 10710
total 2.4x 10710 2.4x 10710
|700 17 499 17 488 1.k10% 1.1x 101
|700 17 499 17 488 2.% 101 28x 101
total 41x 101 41x 101

aCombination states for > 4 are omitted, but their oscillator
strengths are included in the totals.

TABLE 8: Calculated Frequencies (cnt?) and Oscillator
Strengths for CH Stretching of the Four Methine Groups of
Adamantane at the HF/6-31%G(d,p) Level

state frequency f
120 5664 4.6x 1077
130 8308 7.3x 10°8
|40 10828 6.6x 107°
|50 13223 6.4x 10710
|60 15493 7.2x 10°%
|70 17 639 9.4x 107%?

reported frequencies of 2933 and 2857émThe average of
these splittings was used to give a valueygf = 39 cntl.
This value is considerably higher than the ab initio value of 15
cm~L. Intensity calculations were performed with both values
of ypd to examine its effect on the oscillator strengths.

The mixing of pure local mode states into the combination
states usually increases with increasjng In other words, the
intensities of pure local mode states will decrease slightly, while
combination peaks such @31 and |220will increase with
larger values ofy’. The mixing of states generally decreases
with increasing vibrational levelg since the effective coupling
decreases with increasing It should be noted that changes in
y" will only change the distribution of intensity between states;
the total oscillator strength of a manifold will remain unchanged.

The calculated frequencies and oscillator strengths of the
Avcpy = 2—7 overtones associated with the six methylene groups
of adamantane and calculated at the HF/6-8G1d,p) level are

between the symmetric and antisymmetric CH stretching statesshown in Table 7. Combination states for manifolds 4 are

of the fundamental is equal to twice the intramanifold coupling
constant in the HCAO local mode model under the assumption

omitted because they are several orders of magnitude less intense
than the pure local mode state®d and|v[] and they are not

that these fundamentals are not perturbed through interactionsobserved experimentally. In Table 8, the calculated frequencies

with other states corresponding to different types of vibrational
motion&° The frequencies of the fundamental asymmetrig CH
stretch and symmetric Ghstretch, as reported by Broxtat
al.,;®® were 2929 and 2850 crh, respectively. Mecke et &f.

and oscillator strengths of thevcy = 2—7 overtones associated
with the four methine groups of adamantane are given.

It is common to compare the relative intensities of different
CH oscillators in a molecule; in this case it would be the
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-3 provided evidence of changes in the CH stretching potential
due to phase effects, namely, an increase in harmonicity of the
CH oscillators in the condensed phases of adamantane and
1-chloroadamantane. The increase in harmonicity is attributed
to solvent matrix perturbation.
The vapor-phase overtone spectra also provided information
v about the different types of CH stretching oscillators of the
adamantanes. The spectra of adamantane vapor and 1-chloro-
adamantane vapor yielded two and three peaks, respectively,
v in the Aucy = 5 region as predicted from the ab initio geometry
- optimizations. The overtone spectra can discriminate between
8 CH bonds that have ab initio differences in bond length of a
v milliangstrom. Thus ab initio CH bond lengths can be helpful
in the spectral assignment of CH stretching overtone spectra.
The overtone spectrum of adamantane in the low-temperature
ordered phase in the regions correspondingAigy = 3-5
provided insight into the number of nonequivalent CH bonds.
The Avcy = 3 region of the ordered phase of adamantane was
the best resolved, and four peaks were observed corresponding
to the four nonequivalent CH bonds. Thecy = 4 and 5
0 1 2 3 4 5 6 7 8 regions were not as well resolved, but were significantly broader
Av than the bands of the disordered phase. The broadening of the
Figure 18. Observed and calculated total oscillator strengths of the Overtone peaks of the ordered phase of adamantane occurs due
CH stretching regions of adamantane. The observed intensities wereto the increase in the number of nonequivalent CH bonds and
obtained from solution-phase spectra. the resultant local mode splitting.

Adamantane overtone intensities and frequencies were cal-
methylene versus the methine. However, the methine andculated with the use of vibrational wave functions and eigenen-
methlyene peaks were not well-resolved and the areas of theergies from an anharmonic oscillator local mode model and a
bands reported by Spectra Calc have a relatively high uncer-Taylor series expanded ab initio dipole moment function. The
tainty. Thus only the total oscillator strengths, thatfig, = total oscillator strengths obtained with the dipole moment
fcn + fem,, within a given vibrational manifold are compared functions calculated with the HF/6-3%%(d,p) basis set were
with the observed values. Thevcy = 2—5 overtone spectra  in excellent agreement with the observed values.
of adamantane in solution were used to calculate the observed
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