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Abstract

The saturated vapour pressure over two crystalline phases (crl and crll) of 1-bromoadamantane in the temperature range from 288 to 323
was measured by the integral Knudsen effusion method with the use of a modified effusion cell with an enlarged surface of sublimation. The
temperature dependencegef; are the following:

for crll between?=288.4 and 309.9K:

In{ psafcrll) (Pa)} = (30334 0.44) — (8608 137)- (T(K)) L,
for crl from 309.9 to 323.0K:

In{psafcrl) (Pa)} = (27.07+ 0.81) — (7600 252)- (T(K)) ™.

The sublimation enthalpy for the compoundrat 303.0 K was measured in a differential heat-conducting microcalorimeter of the Calvet
type, AsupH5(303.0K) = 71.77+ 0.31 kJ mot?, which agrees with the value obtained by the effusion measurementss;, (298.1 K) =
71.6+ 1.1 kJ mof?, within the experimental errors. The molar thermodynamic functions of 1-bromoadamantane in the ideal gaseous state
were calculated by the statistical thermodynamic method. The complete set of the fundamentals necessary for the above calculations wi
made up from the experimental IR and Raman spectral data and the results of DFT calculations (B3LYP/6-31G*). The enthalpy of for-
mation for 1-bromoadamantane was evaluated in terms of three different approaches. The thermodynamic analysis of some reactions wi
1-bromoadamantane was performed.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction the lipid membrane) with various hydrophilic substituents
(which are responsible for biological activity as well as rela-
Inthe last few decades adamantane derivatives have foundively rapid assimilation and transportation of the substances
widespread applications in medicine due to their diverse tothe required center). The spectrum of the biological activity
pharmacological action. Such behaviour is likely to be deter- of these medications is very widé—4]: they possess neuro-
mined by their specific molecular structure. The derivatives protective and neuromodulating action, they are also used
contain the hydrophobic adamantane cage (which providesfor treatment for numerous virus diseases (e.g. influenza,
penetration of these molecules straight into a cell through hepatitis, etc.), for stimulation of the immune system, and
so on. For example, amantadine and the structurally similar
* Corresponding author. Tel.: +375 17 200 3916; fax: +375 17 200 3916. derlvgtlves of 1-aminoadamantane are able to prevgnt dis-
E-mail address: kabo@bsu.by (G.J. Kabo). function and death of nerve cells under a number of different

0040-6031/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.tca.2005.06.043



A.B. Bazyleva et al. / Thermochimica Acta 436 (2005) 56-67 57

cerebral afflictions such as Parkinson’s and Alzheimer's dis-  The molar enthalpy of sublimationsyyH;, for the com-
eases, hypoxic brain damage, neuroinfections and sftpke  pound under study was calculated with the following equa-
It should be pointed out that the syntheses of the pharmaceuti-ion:

cally active adamantane derivatives are characterized by low T

yields of the target products (less than 10%). The optimiza- AsubHy, = (Km)™ - M - AEd, 1)
tion of the conditions of their production requires detailed =0

thermodynamic information. wherem is the mass of the sample under vacuirits molar

1-Bromoadamantane is an intermediate in the synthesis ofmass;K the calorimetric constant of the cell at the average
the majority of the adamantane-based drugs. The investigatemperatureAE the thermocouple voltage corresponding to
tion of the thermodynamic properties of 1-bromoadamantane the temperature difference between the cell and the thermo-
in the condensed state was presented edBiefThe study  Stat at the point in time; [”, AE dr the integrated signal
of its properties in the gaseous state is also important sincerecorded by the voltmeter in the course of the experiment;
this information can be used to offer an optimal way to orga- is the duration of the experiment.
nize the purification process both for intermediates and target ~ The calibration of the cells used in the present work
products at different production stages. Furthermore, this canwas carried out in a series of independent experiments
enable technologists to take into account a possible loss ofusing chromatographic-purity naphthalene since there are
the substance because of its volatility. That is why the exper-reliable data on the thermodynamics of its sublima-
imental and theoretical investigation of the thermodynamic tion [8,9]: AsubHy;, (298.15K)=72.6@: 0.60 kJ mot* and
properties for 1-bromoadamantane in the gaseous state haggrcs =—(34+2)JK Imol L.
been carried out in the present work.

2.3. The integral Knudsen effusion method

2. Experimental The saturated vapour pressures over two crystalline phases
of 1-bromoadamantane in the temperature range 288-323 K
2.1. Sample preparation were determined by the integral Knudsen effusion method.

The device construction and the measurement procedure
A commercial sample of 1-bromoadamantane (Aldrich were described in detail earligt0]. The uncertainty of the

Chem. Co., Inc.) with the mass fraction purity >0.99 was vapour pressure determination by the Knudsen method did
purified by triple recrystallization from acetone and subse- not exceedt5 x 1072 x psat
quent sublimation af’=313K andp=0.4kPa. The final In most cases, solid organic compounds have small val-
mass fraction purity of the sample obtained was 0.9984 yes of thermal conductivity and, hence, an increase in the
as determined by g.l.c. with a flame-ionization detector. A contact surface of the solid substances with the walls of an
single peak associated with the impurity was detected in effusion chamber is of great importance for facilitating heat
the descending branch of the main peak. The impurity is transfer. The evaporation surface should also be enlarged in
likely to be 2-bromoadamantane—a structural isomer of 1- order to accelerate attainment of equilibrium in the system
bromoadamantane. In this case, it would give a minor con- ‘condensed phase—vapour’, especially under conditions of
tribution to the vapour pressure and the sublimation enthalpy dynamic effusion. Both these ideas have been realized in a

of the target compound. new modified effusion cell (Fig. 1) for the determination of
vapour pressures of solid substances. The cylindrical con-

2.2. The calorimetric determination of the sublimation tainer of 27 mm length and 10 mm internal diameter was

enthalpy made of stainless steel. Sixteen canals (1 mm diameter and

17 mm length) were drilled in the base of the cell. Before the
The measurement of the sublimation enthalpy for 1- measurements, a thin layer of the substance was spread all
bromoadamantane was performed in a differential heat- over the inner walls of the cell and then pressed against them.
conducting microcalorimeter of the Calvet type MID-200
with special calorimetric cells described ear[@&7]. In every
individual experiment, a sample was placed into one of the

SN < NN .
stainless-steel cells that was then hermetically sealed with a — \
nickel membrane. The calorimeter was equilibrated to a con- T T \

stant temperature and afterwards the membrane was punc- AN ){“
tured with a special removable needle. The substance was | rrommrErmrE o o e
sublimed in vacuum with residual pressure of about 1-0.1 Pa.

The electric signal proportional to the heat flow induced by @ e L0 )

the evaporation process was recorded by a voltmeter. The_.

. fth bli . hal d . . Fig. 1. The scheme of the modified cell for the effusion measurements of
uncertainty of the sublimation enthalpy determination was saturated vapour pressures of solid samples: (a) the sectional view and (b)

found to be=5 x 1072 x AgupH, [6,7]. the view from above.
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Thus, the sublimation surface (this term is used by analogy one being found from the expression:
with the term “evaporation surface”) was nearly equal to the T

inner surface area of the cell. Capillary effects were found ) —= 87,
to have a negligible influence on the vapour pressure. The 762 psaty/2
cell construction and the loading procedure made it possiblewhere]q3 is the Boltzmann constant ardis the effective

to get a 10-fold increase in the sublimation surface in COM- giameter of the molecule (the so called collision diameter)
parison with a simple chamber-type cell, which is usually 110] The effective diameter for the molecules of benzoic
used for liquid samples. In the present work, the accuracy of ;g (0=0.611 nm) and 1-bromoadamantane=@.716 nm)

the measurements with the use of the modified effusion cell\yere ohtained from their geometries (with regard to the van
was verified in experiments with benzoic acid (K—1 grade, ger waals volumes inaccessible to the same molecules) cal-

mass fraction=0.99995)[8]. These results were compared  ¢|5ted with the molecular mechanics method using the MM3
with those obtained with the simple chamber-type cell (see ¢4 field[13] in the Tinker 4.0 packagid4].

Section3.1).

Nickel membranes with the following parameters were
used for the effusion measurements: one of thickness3 Resul

. - . e . Results

=50 +1 pmwith the average diameter of the effusion orifice
of d=0.1833+ 0.0004 mm and one of 84 1 um thickness
with its orifice diameter of 0.446% 0.0005 mm.

The calculation of the vapour pressyrg; followed the
expression:

(4)

3.1. A test of the technique for measuring vapour
pressures

The saturated vapour pressures measured over crystalline
benzoic acid by the Knudsen effusion method with the use
Am . 2nRT\ ¥/? ) of the modified effusion cell (Fig. 1) as well as the simple
kSt M ’ chamber-type cell are presentedTable 1. The values of

the vapour pressure determined using the simpler cell are
whereAm is the mass loss of the sample during the exposition systematically lower (by about 15%) than those obtained with
time 7 in vacuum:sS the cross-sectional area of the effusion the modified cell. Thisis evidence of the fact thatin the second
orifice; T the average temperature in the experimanthe case the temperature of the sample is closer to that set by the
molar mass of the substande=8.31447 JK1mol1; k is thermostat due to the enlargement of the contact surface of the
the probability of the transmission of the molecules through substance with the cell walls. The deviation of thgvalues
the orifice. In all the experiments, the vapours in the cell were obtained with the improved cell from those recommended in
assumed to have monomolecular composition and to be closghe TRC table$8] do not exceed 5% whereas for the simple
to their saturation value due to the ratio of the sublimation chamber-type cell it is as much as 20%. This is why the
surface to the orifice cross-section. modified cell was used for the measurements of the saturated

The difference between the mean free paths (1) for a vapour pressure for 1-bromoadamantane.
molecule deeply inside the cell and near the effusion ori-
fice has to be taken into account as was shown edfl@r Table 1.

\_N'th CyCIOh_eXyI es’FerS. Such a V_'Olat'on of gas 'SOFrOPy The saturated vapour pressuressfp of crystalline benzoic acid
is not considered in the calculations of the transmission (y=122.036 gmot!, o =0.611 nmg =8.31447 J KX mol-1)2

Psat=

probability (k) accordmg_ to relations commonly acgeplted.at 7(K) <(9) Am(mg)  kw Kn  pea(Pa) peat(ref)

present. For example, with the use of the Kennard distribution (Pap
[11]: The cell with simple cylindrical chamber

322.99 18000  10.06 0.8930 4.1 1.485 1.807

I\ 1 327.85 10800  10.06 0.9169 25 2.429 2.972

k= (1 + d) 3 33275 7200  11.20 0.9481 16 3.951 4.834

The modified cell with enlarged sublimation surface

) , . ) 318.02 25200 9.62 0.8795 5.8 1.022 1.069

wherel is the membrane thickness adid the diameter of the 32270 3600 2.31 0.8988 3.6 1693  1.754

effusion orifice, the calculated values of the vapour pressure 32299 18000  11.91 0.9002 35 1.744 1.807

appear to be 20-30% overstated, especially when the Knud- 327.90 14520  16.28 09275 21 2890 2.987

sen number (K& A/d) is less than 10. In the present work, the _ 33260 7200  13.10 09592 14 4.567  4.764
calculation of the saturated vapour pressure has been carried * The membrane of 84 1 um thickness with the diameter of the effusion
out according to the Wahlbeck theo[ry0,12], which takes orifice of 0._4467_:!: 0.0005 mm;Am is the experimenta! mass loss of_the
into consideration the fact that the gas isotropy fails close to S2TPIe during timer at temperaturd’; Ay the transmission probability

. e . o according to WahlbecKL0,12]; psat the saturated vapour pressure obtained
the effusion orifice. In terms of this theory, the transmission iy this work: kn is the Knudsen number.
probability (k=kyw) depends on the membrane parameters  ° pgy(ref.) are the values of the saturated vapour pressure recommended

andd as well as the mean free path of molecules (1), the latter in the TRC table$8].
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Table 2

The saturated vapour pressuressfp over two crystalline phases
of 1-bromoadamantane (#215.136gmot!, 0=0.716nm, R=
8.31447 JK 1 mol 1)2

T(K) 7 (s) Am(mg)  kw Kn psat(Pa)

Crystal IP
288.36 10800 9.42 0.9186 2.4 1.603
293.31 7200 10.82 0.9524 15 2.687
298.28 5400 13.31 0.9893 0.95 4.279
303.22 3600 14.78 1.031 0.60 6.896
308.19 3602 2451 1.071 0.38 11.10

Crystal F
313.16 3600 5.55 0.9535 0.61 16.90
314.21 7227 11.67 0.9569 0.59 17.66
314.65 7200 12.19 0.9603 0.56 18.47
315.63 5400 9.69 0.9645 0.54 19.52
316.65 5400 10.74 0.9719 0.49 21.50
318.12 5400 12.12 0.9804 0.44 24.11
320.59 3600 9.90 0.9941 0.36 29.25
323.03 3600 11.84 1.005 0.31 34.72

@ The notations are identical to thoseTable 1.

b The membrane of thickness 84 +1 wm with the diameter of the effu-
sion orifice ofd =0.4467+ 0.0005 mm was used.

¢ The membrane of 5@ 1 wm thickness with the average orifice diameter
of 0.1833+ 0.0004 mm was used.

3.2. The saturated vapour pressure and the enthalpy of
sublimation for 1-bromoadamantane

The results of the vapour pressure determination for two
crystalline phases of 1-bromoadamantane betwieeA388
and 323 K are summarizedTable 2and shown ifrig. 2. The
measurements were carried out in such a manner thatthe

values for these individual phases (crll and crl) were obtained

with the membranes having diverse orifice diameters.

4 — , , ,
crl

3t i
=
[a )
§2r
3
=
= Ties =309.9 K

1k AN

O 1 1 1 1

3.1 3.2 3.3 3.4 3.5
10K/ T

59

Table 3
The comparison of the results from the independent determinations of the
sublimation enthalpy and the standard entropy for 1-bromoadamantane

Property Method? crll (T=303.0K) crl (7=317.0K)
AsubH(T) eff 713+ 1.1 632+ 2.1
(kI molt) cal 71.77+ 0.31
av 71.744+ 0.30
psat(Pa) eff 6.794 0.09 221+ 0.2
AgS2(cr) cal 220.3+ 1.1[5] 254.8+ 1.2[5]
(IKImol™)
ALSg (@) exp 377.2+ 1.5 384.2+ 6.7
(IKTmol Y calc 376.4+ 1.9 384.3+ 1.9

@ The abbreviations: eff is the Knudsen effusion method; cal is the calori-
metric method; av the average weighted value; exp and calc are the values of
the standard entropy determined experimentally (Se@tidyand calculated
by the statistical thermodynamics (Sectid), respectively.

®The value adjusted to7=303.0K with A3, Cp=—(47.4%

1.2) JK-mol™?! for the temperature range 298.1-303.3K. The value of
the enthalpy of sublimation at the average temperature of the series of the
effusion measurements issunH,(298.1K)= 71.6+ 1.1kJ mot L.

The temperature of the crlb crl transition for the com-
pound under study ¢£=309.9 K) has been previously deter-
mined by adiabatic calorimetry with high accurd&j. In
this connection, the experimental valuepgf; of these two
phases were fitted by the method of least-squares using the
conditionpsgt (crll) = psat (crl) at T=Tys. Thus, the temper-
ature dependences p§;; for crll in the temperature range
288.4-309.9K and for crl betweeh=309.9 and 323.0K
are well described by the following equations:

In{ psafcrll) (Pa)} = (3033 £ 0.44)

— (8608 137)- (T(K)) 72, (5)
In{psafcrl) (Pa)} = (27.07 0.81)
— (7600+ 252)- (T(K)) ™. (6)
The sublimation enthalpies (Table 3) for 1-

bromoadamantane at the average temperatures of the
series obtained were derived from EdS) and (6). The
enthalpy of the solid-to-solid phase transition e#lcrl

was also estimated with the use of Ed$) and (6)

by difference: Atrer‘;%7.3i2.4kJmo’r1. For this
purpose, theAgypHy, values for both phases were first
adjusted to the transition temperature Bfs=309.9K

using the values ofAg, Cp=—(46.9+1.2) JK 1 mol?
for the temperature range 298.1-309.9K and
AgCp=—(71.6+£1.3)JK 1 mol~! for the range from
309.9 to 317.0K: the heat capacities of crystals and gas

Fig. 2. The temperature dependence of the saturated vapour pressure for 12r€ presented ifb] and in Sectior#.1 of the present work,

bromoadamantane betweEn 288 and 323 K (crl and crll): black rectangles
are the results obtained with the use of the membrane &fBgm thickness
and the orifice diameter of 0.44670.0005 mm; black circles are the results
of the measurements with the membrane oft5Dum thickness and the
diameter of the effusion orifices of 0.1833.0004 mm; dotted line is the

temperature dependence of the vapour pressure for crl extrapolated into the

region where crll is the equilibrium phase, for purposes of visualization.

respectively. The value of the phase-transition enthalpy
obtained thus is in good agreement with the values measured
by adiabatic calorimetry\ysHS, = 7.424 0.01 kJ mot? [5],

and by DSCAysHS, =7.514 0.15 kJ mot? [5].

The enthalpy of sublimation for crll of 1-bromoa-
damantane was also determined by averaging the results of
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Table 4
The results of the calorimetric measurements of the molar sublimation
enthalpy (AubHy,) for 1-bromoadamantane (#215.136 g mot')?

T (K) m (Mg) f;o AEd:  TypeofcelP  AgqupH (kImof?)
(mVs)

303.52 50.59 3178.98 A 72.52
30257 70.96 4376.98 A 71.18
302.70  54.60 3380.12 A 71.45
302.62 68.50 4240.78 A 71.45
303.20 50.51 3144.98 A 71.86
303.71 6254 3970.74 B 72.32
302.62 64.08 4019.41 B 71.44
302.74 61.79 3890.81 B 71.71
302.64  59.94 3768.66 B 71.61

303.19 4594  2909.20 B 72.13
(AsubHS(crll, 303.0K) = 71.77+0.31

2 m is the mass of the sample (adjusted to the vacuum conditions);
f;o AE dr the integrated electric signal recorded by the voltmeter in the
course of the experimerif;the temperature of the experiments the dura-
tion of the experiment.

b Ka=186.4+0.5mVsJtandKg =188.9+£0.9mVsJ L.

¢ The average value.

the series of 10 independent calorimetric experiments carried
outin the dlﬁe_rentlal heat-conducting calorimeter MID-200 Fig. 3. The structural formula of 1-bromoadamantane: a black circle is
(Table 4). As it can be seen froffable 3, the data of the  promine atom; grey circles are carbon atoms; white circles are hydrogen
calorimetric and effusion measurements of the sublimation atoms.

enthalpy agree well within the experimental errors. An aver-
age weighted value i pHy;, (Table 3) was calculated from
these values. The experimental standard entropy of gaseou
1-bromoadamantane at two temperatures (Table 3) was cal
culated from the data on the thermodynamics of sublimation
determined in this work and the values of the standard entropy
for crll and crl obtained previouslib].

The 632.8nm line of the helium—neon laser was used for
xcitation. The experimental values of the fundamentals for
the compound under study are listed Tiable 5. In addi-
tion to the Raman spectroscopic data, the IR spectrum of
1-bromoadamantane was taken frfif,17].

The molecule of 1-bromoadamantane belong&toint
group. In terms of the group-theoretical analysis, its 72 nor-
mal vibrational modes can be distributed among the following
irreducible representations: = 1641 + 84, + 24E. The nor-
mal modes with thel, symmetry are both IR and Raman
inactive. That is why quantum-mechanical calculations were

4. Calculations

4.1. The thermodynamic properties of
1-bromoadamantane in the ideal gaseous state

The computational procedure for the calculation of the
thermodynamic properties of organic substances in the ideal
gaseous state by the statistical thermodynamic method was
describedin detail ifL5]. The absence oftopsin the molecule
of 1-bromoadamantane and the rigidity of the adamantane
cage structure (Fig. 3) made the computations simpler. The
molar mass of 1-bromoadamantaneés 215.136 g mot?!
and its symmetry numberis= 3. The other necessary molec-
ular (the principal moments of inertia) and spectral (the fre-
guencies of its normal vibrations) characteristics have been
obtained in the present work. J Jk

The Raman spectrum (Fig. 4) for crystalline 1-
bromoadamantane in the range from 100 to 3500%cit 0 ' 5([)0 ' 10'00 ' 15I00 I 2()'00 ' 25100 ' 3(;00 ' 3500
ambient temperature was recorded on a LabRam Raman Av/em’!
microscope (HORIBA Jobin Yvon, Inc.) supplied with a
CCD detection system and an Olympus confocal microscope. Fig. 4. The Raman spectrum of crystalline 1-bromoadamantane.

intensity

W




A.B. Bazyleva et al. / Thermochimica Acta 436 (2005) 56-67 61

Table 5
The experimental and calculated (B3LYP/6-31G*) fundamentals (in'grfor 1-bromoadamantane
Symmetry Dexp? Veale b

IR [16] IR[17] Raman [this work] Non-scaléd Scaled
E 2940 vs 2935s 2954 m 3096 (63) 2950 2945
Az 3091 (-) 2945 2945
A1 2925 vs 2925 vs 3070(136) 2925 2925
E 3064 (31) 2919 2925
A1 3063(15) 2919 2925
E 2915vs 2910 vs 3055(136) 2911 2910
A1 2905 m 3048(83) 2904 2905
E 3044 (37) 2900 2905
A1 2860 vs 2855 v 2854 m 3027 (20) 2884 2855
E 3027 (27) 2884 2855
A1 1474 w 1475 vw 1546 (0.2) 1476 1475
A1 1453 s 1456 vs 1457 vw 1525(13) 1457 1455
E 1450 sh 1450 sh 1520 (13) 1453 1450
E 1436 m 1508 (0.1) 1442 1436
E 1366 vw 1366 w 1364 vw 1413 (0.2) 1359 1365
A1 1347 m 1343 m 1345w 1399 (1.2) 1347 1345
E 1344 m 1392 (<0.1) 1340 1344
Az 1318 vw 1364 (—) 1315 1318
E 1312 vw 1311 vw 1311 vw 1358 (1.5) 1310 1311
A1 1292 vs 1291 s 1288 sh 1333 (47) 1288 1290
E 1286 sh 1281s 1321 (0.1) 1277 1281
Az 1321(-) 1277 1281
E 1256 vw 1262 w 1263 m 1301 (<0.1) 1258 1260
E 1181 vw 1184 w 1184 m 1214 (0.3) 1179 1184
Az 1141(-) 1112 1113
Az 1113 vw 1136 (-) 1107 1113
E 1103 m 1099 m 1098 m 1130 (5.2) 1101 1100
A1 1126 (0.5) 1098 1100
E 1057 vw 1049 w 1047 vw 1056 (<0.1) 1033 1048
Az 1038 vw 1039 vw 1056 (—) 1033 1039
A1 1030 vs 1026 vs 1024 m 1049 (66) 1026 1025
E 987 w 985 w 984 m 996 (1.9) 977 985
A1 950 m 950 m 950 s 966 (19) 948 950
E 934 vw 928 w 938 (0.2) 922 928
Az 913(-) 898 898
E 896 w 905 (<0.1) 890 896
A1 813 vs 805 s 805 s 817(61) 805 805
E 797 vw 791 vw 814 (0.6) 802 791
A1 766 m 765 m 767 s 767 (7.6) 758 766
A1 676 s 675s 674 s 687 (25) 680 675
E 641w 641 vw 651 (0.6) 645 641
A1 463 m 462 m 463 (8.0) 461 462
E 449 vw 448 (0.1) 446 449
E 403 vw 405 (0.2) 403 403
E 343 vw 346 (<0.1) 345 343
Az 313(-) 312 312
A1 241 vs 247(12) 246 241
E 179 m 181 (0.6) 181 179

a The abbreviations for the intensity of spectral bands: vs, s, m, w and vw are very strong, strong, medium, weak, and very weak, respectively; sh is a
‘shoulder’ on a distinct band. The IR spectra were recorded for the solution of 1-bromoadamantangdnlZ@bwn to 650 cm? [16] and for the crystalline
sample down to 400 cri [17].

b The fundamentals chosen for calculations by the statistical thermodynamics.

¢ The IR intensities in (1% C2kg~1) are given in parentheses, the dash denoting prohibition of a vibration with certain symmetry in the IR spectrum.

d The scaling factors were obtained in the present work (Egsnd(8)).

necessary in obtaining the complete set of the fundamentalsintensities in the IR spectrum were performed in terms of

and determining the symmetry of the vibrations correspond- the density functional theory (B3LYP function§l8,19])

ing to certain experimental bands. in the standard 6-31G* basis set with the use of the PC
The geometry optimization for 1-bromoadamantane, the GAMESS package (version 6./20]. According to the quan-

computation of the frequencies of its normal modes and their tum calculations, the total energy of 1-bromoadamantane
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Table 6

A.B. Bazyleva et al. / Thermochimica Acta 436 (2005) 56-67

The fundamentals calculated with B3LYP/6-31G* for 1-

The calculated and experimental bond lengths and valence angles for thebromoadamantane are listedTiable 5. The Correspondence

isolated molecule of 1-bromoadamantane

Parametdy B3LYP/6-31G* Experimenf21]°
Bry—C2) 0.2007 0.1947+0.0006
C2—Cp 0.1534 0.15424+0.0003
Ci3—Ce) 0.1548 0.15424+0.0003
Ce—Cm) 0.1543 0.15424+0.0003
Ce—Ha2) 0.1096 0.109
Cey—Has) 0.1098 0.109
Cny—Hqo) 0.1098 0.109
Cny—H(20) 0.1099 0.109
Br1y—C—C3) 108.5 109.5
C3—C2—C 110.4 109.5
C2—C—C) 108.5 109.5
C3—Ce—C) 109.4 109.5
Cey—C7—Cee) 109.6 109.5
C#—Ce—C9) 109.6 109.5
C2—Cr—Hu2) 110.0 109.5
C3—C—Has) 108.8 109.5
Cey—C7—Ho) 110.0 109.5
Ce)—C7—H(0) 110.1 109.5
Cny—Cwe)—Hs) 109.9 109.5
Ce—C—Ha2 110.5 109.5
H12—C)—H(s) 107.3 109.5
H19—C7n—H(20) 106.9 109.5

a The bond lengths are presented in nm, the valence angles are in degrees.
b There are nine groups of atoms discernible according to their nature and
their nearest neighbours (Fig. 3, subscript is an atom number): dg-Br

II—C(2); I—C 3), C4) and Gs); IV—C¢g), Cg) and Gao); V—C7), Cg)
and Gua), VI—H (12), Hus), Ha), Has)y, Haey and Hazy; VI—H (1), Heg)
and Hpa); VIIl—H (19), H(22) and Hag); IX—H (20), H23) and Hzs).

¢ On the treatment of the microwave spectrum, it was takgdinthat the
C-H bond lengths were equal to 0.109 nm and all the valence angles were

tetrahedral.

molecule made ugi=—2961.878863 au. The molecular

between the experimental and calculated values of the fre-
guencies of the normal modes was set up according to the
experimental intensities of the IR bands and those calculated
guantum-mechanically. The masses of the most abundant
isotopes of bromine (bromine-79 and -81) differ from each
other by only a few percent. That is why it was impossi-
ble to experimentally separate the frequencies of the nor-
mal modes involving the individual isotopes of bromine. In
this connection, the computation of the fundamentals for
1-bromoadamantane was performed only for the molecule
containing bromine-79.

Vibrational frequencies calculated quantum-mechanically
are usually higher than the experimental ones due to an
approximate consideration of the dissociative behaviour of
bonds and of electron correlation as well as the neglect of the
anharmonicity effects. That is why the calculated values of
fundamentals should be multiplied by certain scaling factors.
The use of the scaling factors frof22] has resulted in the
systematic overstatement of the calculated fundamentals in
relation to the experimental frequencies for the compound
under study.

The numerical values of the scaling factors for B3LYP/6-
31G* were evaluated in the present work. The dependence
of the scaling factor ()on the wave-numbe#y in the range
from 100 to 1500 cm?® was determined to be:

x = (0.9983+ 0.0042)— (1.83+ 0.23) x 1078 x (?)2.
(7
The single value:

x = 0.9528+ 0.0019 (8)

geometric parameters obtained as a result of these quan-

tum computations are summarized Table 6. Based on

was calculated separately for the wave-number region from

these data, the product of the principal moments of iner- 2800 to 3000 cm?! associated with the-€H stretching vibra-
tia for 1-bromoadamantane molecule was derived to be tions. Eqs(7) and(8) were obtained by least-squares fitting

In-Ig-Ic = 1.183x 10~132kg3 mB; this value was used in fur-

ther calculations using statistical thermodynamics.
The geometric parameters of 1-bromoadamantane deteripants of the homodesmic reaction described in Sectié@n
mined from the results of the microwave spectroscopic were used (Table &ndTable S.1 of Supplementary Data).

investigation[21] are also presented ifiable 6. Except
for the length of the €Br bond, all the other calculated

according to the procedure described[22]: the funda-
mentals calculated using B3LYP/6-31G* for all the partic-

The required experimental values of the fundamentals were
taken from[23] for adamantane, frorfl7,24]for 2-bromo-

parameters appeared to be quite close to the experimentaR-methylpropane, and frof25] for 2-methylpropane. Since
ones. However, it should be emphasized that the experimen-the set of molecules used for obtaining E(&. and(8) is

tal and calculated bond lengths and valence angles cannotather scanty these equations should not be spread on other
be directly compared. That is because quantum calcula-organic compounds.

tions provide an equilibrium geometry @t=0K, whereas

The average and maximum deviations between cal-

in the case of using results from microwave spectroscopy, culated (scaled) and experimental fundamentals for 1-
anharmonicity has an effect resulting in thermal averaging bromoadamantane amount to 4 and 15 énrespectively.

of geometrical parameters. Knowledge of the vibrational The hardly analyzable region from 2800 to 3000¢ncor-
amplitudes at the temperature of the spectroscopic measureresponding to the-€H stretching vibrations was notincluded
ments is necessary for the adjustment of the experimen-into this analysis because these frequencies give a negligible
tal results to the equilibrium geometry. However, such an effect on the thermodynamic functions.

adjustment was not carried out for 1-bromoadamantane in

[21].

In addition to the B3LYP/6-31G* computation, simi-
lar quantum calculations of the frequencies of the normal
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modes of 1-bromoadamantane were performed with the 200
use of the B3LYP/6-311G** and RHF/6-31G* basis sets
(Table S.2 of Supplementary Data). In the first case, exten-
sion of the basis set leads to an increase in computation time 150+
nearly by a factor of three but does not give rise to better
agreement between the calculated and experimental wave-
numbers (for B3LYP/6-311G** the average and maximum
deviations are 4 and 16 cth). In the Hartree—Fock method
there is a considerable decrease in computation time but,
on the other hand, the calculated frequencies are in poorer
agreementwith the experimental values (for RHF/6-31G* the S0r
average and maximum deviations are 5 and 23%mespec-
tively). Thus, inthe presentwork the B3LYP/6-31G* basis set
was chosen. oL . : : .
The complete set of the fundamentals (Table 5) composed 0 30 60 TIK 90 120
of the data from the IR and Raman spectroscopic study
and of the results of the DFT calculations (B3LYP/6-31G*) Fig. 5. The temperature dependence of different contributions to the molar
was used for the statistical thermodynamic calculations. isobaric heat capacity of crystalline 1-bromoadamantane: circles are the
The experimentl vlues of the requencies were favouredsioe T 190 sl ek St b o o
!n this process.. The fundamentals Obtal,nEd were ver!fled to the heat capacity:\,,imrgthe contribution ofthéaitntramolecularvibrations;
in the calculations of the heat capacity of crystalline reciangles are the percentage deviationSgafaic from Cp,exp
1-bromoadamantane, which was described earlief5]n
In this case, the isobaric heat capacity was presented as
a sum of the lattice contribution (with the Debye tem-
peratures®@p (3)=72.1K and the Einstein temperatures
Oe1 (1)=749K, O, (2)=122.2K), the contribution
of the intramolecular vibrations (with the fundamentals
summarized infable 5), and the anharmonicity term with
the coefficientA=1.28x 107°Jtmol. The numbers in
parentheses are the degeneracies of the correspondin
contributions. The difference between the experimental
and calculated values of the isobaric heat capaCity,
of the compound did not exceett4 x 10—3><C|o,m in
the range 50-140K£7x 1073 x Cpm between T=20
and 50K (Fig. 5). The contribution of the intramolecular
vibrations toCp m comprised less than 18 x Cp,m at lower () The formation enthalpy of 1-bromoadamantane has been
temperatures. obtained according to the Pedley schg@®, in which
The thermodynamic properties of 1-bromoadamantane in the values of the standard enthalpy of formation for
the ideal gaseous state in the temperature range 100—1000K  gaseous organic substaneed?; (g, 298.15K) are cal-

100

C;/ (3K mol'h)

are presented inTable 7. As it may be seen from
Table 3, the values of the standard entropy for gaseous
1-bromoadamantane calculated by the statistical thermody-
namics and determined experimentally agree well with each
other within the error.

2. The enthalpy of formation of 1-bromoadamantane
The following methods were used for the calculations of

the enthalpy of formation for the compound under study in
the gaseous state:

Table 7
The standard molar thermodynamic functions of 1-bromoadamantane in the ideal gaseofs388447 J K1 mol~1, p = 10° Pa)
T (K) Com/R ASHG/RT ALSa/R @2 /R AfHS, (kI molt) A¢GS, (kImol )
100 6.595 4.725 32.15 27.43 —92.47 —40.04
150 9.477 5.821 35.36 29.54 —101.6 —-11.79
200 12.69 7.127 38.52 31.39 —110.5 19.46
298.15 20.18 10.16 44,94 34.78 —133.¢% 87.62
300 20.33 10.22 45.06 34.85 —133.3 88.99
400 28.33 13.76 52.02 38.26 —-162.5 168.4
500 35.34 17.39 59.12 41.72 —173.0 252.4
600 41.13 20.88 66.09 45.21 —180.5 338.3
700 45.88 24.13 72.80 48.67 —185.7 425.2
800 49.80 27.10 79.19 52.09 —188.9 512.7
900 53.09 29.81 85.25 55.44 —190.6 600.5
1000 55.87 32.28 90.99 58.71 —191.0 688.5

2 The value obtained by the Pedley procedure (Sectigh
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Table 8
The contributions (in kJ mot) for the calculation of the enthalpy of forma-
tion for gaseous 1-bromoadamantane by the Pedley procgzijre

Aa Fi Bjj Reyel?
Type Value Type Value Type Value
C 716.68 >CH 815.0 (C—Cing 358.45 23.2
H 217.998 >CH- 405.3 ferr—Br 2975
Br 111.87 >C< 0.0

Br 0.0

@ The increment of the tricyclic cage structure of adamantane.

culated by the following equation:
AtH:(9.298.15K)= > Ay — > Fi— Y Bj
a i ij

+ Zcijk + Reyel,
ijk

9)

whereA, are the standard enthalpies of formation of
the atoms forming the compoun#; the contributions

of the individual fragments constituting the molecule
of the substanceB;; the increments of the individual
bonds in the molecule;; the increments of the pairs
of the adjacent bondsRy is the contribution of the
cyclic system. The summation is over all the atoms (a),
fragments (i), bonds (i) and pairs of the adjacent bonds
(ijk). According to the scheme thg;; increments are
equal to zero for the mentioned compound. The other
values ofd,, F;, B;; andRyc (Table 8) obtained ifi26]
were used for 1-bromoadamantane, with the following
value being derived:

AtHg (g, 298.15K)
= {10- A(C)+ 15- A(H) + A(Br)}
+1{6- F(> CHp) + 3- F(> CH-) + F(> C <)
+ F(Br)} + {12 B(C—C)ying + B(Cterr—BI)}
+ Reyel = —133.0kImor™.

(1) A calculational procedure in common use is determi-

nation of the enthalpy of formation of a compound
through an appropriate homodesmic reaction, in which
the formation enthalpies for its participants (except
for the target compound) are known. In this work,

Table 9
The data used in the calculation of the enthalpy of formation for gaseous 1-bromoadamantane

the formal reaction was chosen so that the initial
and final substances were chemically and structurally
similar:

Br
+ — +
N A

The enthalpies of formation of adamantane, 2-bromo-
2-methylpropane, and 2-methylpropane in the gaseous
state atf'=298.15 K were taken frorf26] and they are
summarized iMable 9. Two approaches for the analysis
of this homodesmic reaction were used in the present
work:

(lla) The substitutive procedure for calculations of the

enthalpies of formation is based on the classical theory
of molecular structure and assumes additivity of prop-
erties. According to this procedure, the enthalpy of a
homodesmic reaction is assumed to be zero. In terms
of this approach, the value of the enthalpy of forma-
tion for 1-bromoadamantane in the gaseous state was
obtained to be:

AfHS(9,298.15K), = —1328kJImol 2.,

(Ilb) According to the quantum-mechanical considera-

tion, a homodesmic reaction is assumed to be
accompanied by an enthalpy change. That is why
the total molecular energies {(f and the zero-
point vibrational energies (ZPVE) were calculated in
B3LYP/6-31G* for all the participants of the reac-
tion (10) (adamantane, 2-bromo-2-methylpropane, 1-
bromoadamantane and 2-methylpropane). The values
involved are presented ifable 9. Thus, the enthalpy
of the gaseous reaction @&=0K was derived,
ArHg(9,0K)=—10.6 kI mot?.

In order to adjustAHy, from T=0 to 298.15K,
the values of the standard enthalpx3%8-1%Hy,
for adamantane, 2-bromo-2-methylpropane and 2-
methylpropane (in addition to 1-bromoadamantane)
were calculated using statistical thermodynamics
(Table 9). For this purpose, the following parame-
ters of the compounds mentioned above were used:
the molecular geometries from the B3LYP/6-31G*
calculations; the frequencies of their normal vibra-

Compound AtHE (kJmolt) AZ%815ge (kamol?) Eiot (aU) ZPVE (kJ mot1)2
Adamantane —134.6[26] 21.02 —390.726022 621.0
2-Bromo-2-methylpropane —132.4[26] 20.66 —2729.609304 309.4
2-Methylpropane —134.2[26] 18.13 —-158.458813 3334
1-Bromoadamantane -132.8 25.18 —2961.878863 592.6

-141.8

@ The ZPVE values were obtained from the scaled fundamentals.
b The value found in this work according to the substitutive procedure.
¢ The value calculated quantum-mechanically in this work.
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tions obtained from the experimental and calcu- in the absence of any solvent:
lated fundamentals (Table S.3 of Supplementary

Data) by the procedure similar to that for 1- H Br

bromoadamantane; the rotational barriers for methyl

tops Vo = 18.5 kJ mot! for 2-bromo-2-methylpropane + Br, —m— + HBr

andVp = 14.4 kJ mot! for 2-methylpropane estimated - i) &)

from the corresponding fundamentals. e €0 (11)

The enthalpy of the above homodesmic reaction at
T=298.15 K was calculated to lag Hy,(g, 298.15 K)=

—9.0kJ mo‘rl_ Thus, according to the guantum- The thermOdynamiC anaIySiS of the above reaction at
mechanical computations, the enthalpy of formation 7=298.15 and 332.3K has been performed in the present
for gaseous 1-bromoadamantane is: work. The latter temperature refers to the boiling tempera-
5 1 ture of bromine ap = 10° Pa[27]. The results of calculations
AfHp(9,298.15K) = —141.8kImot . of the Gibbs free energy of reactiqiil) AG¢,(T) and

its equilibrium constan; at these two temperatures are
The AtHpy,(9,298.15K) values for 1-bromoadamantane presented irfTable 10. In the table, in those cases where
from the first two approaches coincide almost completely literature sources are not indicated, the experimental or cal-
with each other. The value calculated by the Pedley proce-culated values of the properties for the reaction participants
dure was used here for the calculations of the thermodynamicwere obtained in the present work. The equilibrium constant
properties of this substance in the gaseous state. On the basfr the reaction of the homogeneous adamantane bromina-
of this value, the enthalpies and the Gibbs free energies oftion in the gaseous phaseTat 298.15 K is also presented in
formation for 1-bromoadamantane in the temperature rangeTable 10for comparison purposes. Itis apparent that the equi-
from 100 to 1000 K (Table 7) were calculated, the thermody- librium of the reaction of monobromination of adamantane
namic functions of elements (carbon, hydrogen and bromine) with the formation of 1-bromoadamantane is offset towards

being taken fronj27]. the latter one almost entirely over a wide temperature range.
Furthermore, this process is realized under atmospheric pres-

4.3. The thermodynamic analysis of some reactions sure in such a way that gaseous hydrogen bromide escapes

involving 1-bromoadamantane constantly from the reaction medium. This being so, the

reaction involved can be taken with certainty to be virtually
The bromination of adamantane is one of the cheapest andrreversible.
the most rational ways for functionalizing the adamantane  The hydrolysis of 1-bromoadamantane is an important
molecule. Moreover, under certain conditig@8] this reac- reaction applied in the pharmaceutical industry to form 1-
tion is rather selective, with 1-bromoadamantane being pre- hydroxyadamantane, another important intermediate in the
dominantly formed. According tf28], 1-bromoadamantane synthesis of adamantane-based medicines. In this work, the
is formed during heterogeneous bromination of adamantanethermodynamics of this reaction in the gaseous state has

Table 10

The thermodynamic analysis of the reaction of bromination of adamantane

Property Adamantane Br, 1-Bromoadamantane HBr

T=298.15K
Phase Crystal | Liquid Crystal Il Gas
A¢HS, (kImof ) —194.1[26] 0 —205.0 —36.29[27]
ALSE (IK"Tmol ) 195.8[29] 152.2[27] 216.8[5] 198.7[27]
ArGp, = —67.3kJmoi* and Kj=6.2x 10

T=298.15K
Phase Gas Gas Gas Gas
A¢HS, (kImof?) —134.6[26] 30.91[27] —133.0 —36.29[27]
AL SE (IK"Tmol ) 321.3 245.5[27] 373.6 198.7[27]
A¢Gj, = —67.2kJmof! and Kj =6.0x 10

T=332.3K
Phase Crystal | Liquid Crystal | Gas
A3323 Ho (kImof ) 6.91[29] 2.58[27] 15.85[5] 0.996[27]
AbSs (K Tmolt) 217.8[29] 160.4[27] 267.4[5] 201.8[27]

ArGy = —701kImol! and Kj=1.0x 10"
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Table 11

The thermodynamic analysis of the reaction of hydrolysis of 1-bromoadamantane

Property 1-Bromoadamantane H,O 1-Hydroxyadamantane HBr

T=298.15K
Phase Gas Gas Gas Gas
AfHE, (kJmof?) —133.0 —241.8[27] —310.9[8] —36.29[27]
ALSE (IK"tmolt) 373.6 188.8[27] 366.2[8] 198.7[27]
ArGp, =26.9kJmoi* and Kj=20x10"°

T=373.15K
Phase Gas Gas Gas Gas
A3 S (kImof ) 14.48 2.54[27] 14.54]8] 2.19[27]
AlSs K" Tmol™t) 416.8 196.4[27] 409.4(8] 205.2[27]

A¢Gp, =26.8kJmol* and Kj=1.8x10"*

been considered: Appendix A. Supplementary data
Br OH Supplementary data associated with this article can be
found, in the online version, atloi:10.1016/j.tca.2005.
+ H,0, === + HBr 06.043.
(g (€3]
@ ® (12)
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