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Abstract
Gas-phase enthalpies of formation of diamantane and some of its derivatives were calculated from isodesmic reactions using
adamantane as reference species. The G4 theory was applied to calculate the energies of all molecules involved in the isodesmic
reactions. The sublimation enthalpies were predicted by the molecular electrostatic potential (MEP) model. Their values were
computed from an equation that describes the relationship between the sublimation enthalpy and computed crystal density, and
molecular surface area plus four quantities obtained from the surface electrostatic potential. The coefficients in this equation were
determined earlier from least squares fitting to reliable values of sublimation enthalpy of 23 adamantanes. The enthalpy formation
of diamantanes in the crystalline phase was estimated on the basis of calculated gas-phase enthalpies of formation and sublima-
tion enthalpies. The difference between experimental and theoretical data and inconsistencies in available experimental data are
discussed.
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Introduction

Diamantane is the second member of the diamondoid family
and is composed of two fused adamantane cages (Fig. 1).
Diamondoids have been of great interest in recent years due
to their role in nanotechnology, drug delivery, and medicine
[1]. Although the enthalpy of formation (Δ fH°

298 ) of crystal-
line adamantane was determined by different authors, a large
scatter in the reported values did not give confidence in its
accuracy for a long time. Only the relatively recent work of
Bazyleva et al. [2] has provided reliable experimental data for
this compound. Much less attention was paid to diamantane.
The experimental enthalpies of formation of crystalline
diamantane [3–5] reported in the 1970s differ by as much as
50 kJ/mol. Differences also exist in the sublimation enthalpy
of diamantane (Table 1). Clark et al. [4–6, 12] have

determined the enthalpies of formation and sublimation of
diamantanone and isomeric methyldiamantanes and

diamantanols. There are no other values of Δ fH°
298 crð Þ in

the literature. The sublimation enthalpies were measured later
for two diamantanols by Gunawan et al. [7] and, as can be

seen from Table 1, the new ΔsubH°
298 values are significantly

lower than those determined by Clark et al. [6].
Since the high-level theoretical calculations were not per-

formed for diamantane and its derivatives, it is interesting to
evaluate the thermochemical properties of diamantanes using
present-day computational chemistry methods and thus to as-
sess the accuracy of experimental data. Recently, we have
carried out similar calculations for adamantanes using
isodesmic reaction network to calculate the gas-phase en-
thalpies of formation [14] and molecular electrostatic potential
(MEP) model [15] to estimate the sublimation enthalpies. In
comparison with adamantanes, there is not much experimental
data available for diamantanes and they are less reliable and,
because of this, the isodesmic reaction network does not pro-
vide a reasonable solution. Thus, the isodesmic reactions in-
volving adamantane as a reference species were used in this
work to calculate the gas-phase enthalpy of formation of all
diamantanes. Note that a high accuracy experimental Δ fH°

298

gð Þ value of adamantane (− 132.3 ± 2.2 kJ/mol) [2] is in ex-
cellent agreement with the theoretical value obtained from
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isodesmic reaction calculations (− 132.0 kJ/mol), while the
use of atomization reaction leads to much underestimated val-
ue (− 139.3 kJ/mol) [14].

In addition to diamantanes with available experimental da-
ta, the theoretical enthalpies of formation in the gas and crys-
talline phases were also calculated for three isomeric
aminodiamantanes whose experimental data were not avail-
able in the literature.

Computational details

The gas-phase enthalpy of formation of diamantane was cal-
culated using the isodesmic reaction:

ð1Þ

Similar reactions (Table S1 in the Supplementary data)
were used to calculate the enthalpies of formation of
diamantane derivatives. Note, that the reaction containing on-
ly cyclohexane-like structures

ð2Þ

gives almost the same Δ fH°
298 gð Þ value (− 155.9 kJ/mol) as

that in Eq. 1 (− 156.1 kJ/mol). However, the reactions of this
type for diamantane derivatives can lead to larger uncertainties
because they include substituted adamantanes whose

enthalpies of formation are not so well established as the en-
thalpy of formation of adamantane. The enthalpies of all sub-
stances involved in isodesmic reactions were calculated at the
G4 level of theory [16]. All quantum chemical calculations
were performed using the Gaussian 16 package of programs
[17].

The sublimation enthalpies of diamantanes were estimated
by the MEP model using the equation proposed for
adamantanes [15]. This equation describes the relationship
between the sublimation enthalpy and computed crystal den-
sity (ρ), molecular surface area (AS), and four quantities ob-
tained from the surface electrostatic potential:

ΔsubH°
298 ¼ aρþ bAS þ c�VS þ d σ2

totv
� �þ eΠþ f ; ð3Þ

where �VS is the average value of the potential on the surface,
σ2
tot indicates the variability of the potential on the molecular

surface and is equal to the sum of the variances of the positive
and negative regions of surface potential, σ2

þ and σ2
−, v is the

degree of the balance between positive and negative regions,
andΠ is the measure of local polarity. The coefficients a, b, c,
d, e, and f were determined from least squares fitting to reli-
able experimental values of enthalpies of sublimation of 23

adamantanes [15]. For a set of 23 adamantanes, the ΔsubH°
298

values predicted using the Eq. 3 produce a root-mean-square
deviation (RMSD) of 3.7 kJ/mol.

The DFT/B3LYP/6-311++G(3df,2p) method was used to
optimize geometries and determine the densities for generat-
ing the electrostatic potentials. All descriptors in Eq. 3 were
calculated using the program Multiwfn [18]. Their values to-
gether with coefficients a, b, c, d, e, and f are given in Table S2
of Supplementary material. Figure 2 shows the computed
electrostatic potentials for diamantane and its derivatives.

Results and discussion

Diamantane

The results of first two determinations of enthalpy of forma-
tion of crystalline diamantane, − 282.6 kJ/mol [3] and −
232.3 kJ/mol [4], were very different from each other. Later,
Clark et al. [5] repeated the combustion experiments and ob-
tained a new enthalpy of combustion value in good agreement
with that determined in independent measurements by W.D.
Good from the Bartlesville Energy Center. By weighing these
two results, the value of − 240.4 ± 1.5 kJ/mol was recom-
mended for enthalpy of formation of crystalline diamantane
[5]. This value combined with the sublimation enthalpy of
95.9 kJ/mol [6] gives − 144.5 ± 1.7 kJ/mol for the gas-phase
enthalpy of formation of diamantane.

It is seen from Table 1 that this value is remarkably
different from that calculated in this work from Eq. 1 using

Fig. 1 Atom numbering for diamantane
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G4 energies (− 156.1 kJ/mol). The corresponding value
computed earlier at the lower B3LYP/6-31G(d,p) level (−
142.7 kJ/mol [9]) does not provide a confirmation of the
accuracy of the experimental value because the DFT

calculations can give large errors even when applied to
isodesmic reactions [19].

Three experimental values of sublimation enthalpy (117.1,
95.9, and 92.1 kJ/mol) were reported for diamantane, but the

Table 1 Experimental and calculated enthalpies of formation and enthalpies of sublimation (in kJ/mol) of diamantane and its derivatives

Compound Δ fH°
298 crð Þ ΔsubH°

298 Δ fH°
298 gð Þ Comment Reference

Diamantane − 282.6 ± 1.8 117.1 ± 8.0 − 165.5 ± 8.4 Exp [3]
− 232.3 ± 2.3 95.9 ± 0.8 (319 K) − 136.4 ± 2.4 Exp [4, 6]
− 241.8 ± 2.6 95.9 ± 0.8 (319 K) − 145.9 ± 2.7 Exp [5]
−2 40.4 ± 1.5a 95.9 ± 0.8 (319 K) − 144.5 ± 1.7 Exp, recommended [5]

92.1 ± 5.0 Exp [7]
− 138 ÷ 160 Calcb [5]

75.3 Calcc [8]
− 142.7 Calcd [9]

82.8 Calc, MEPe [10]
73.5 Calc, MEPf [10]
80.6 Calc, GAg [11]

− 239.3 83.2 − 156.1 Calch This work
1-Methyldiamantane − 247.4 ± 3.3 80.6 ± 0.4 (322 K) − 166.7 ± 3.6 Exp [4–6]

80.0 Calc, GAg [11]
− 278.5 87.5 − 191.0 Calch This work

3-Methyldiamantane − 260.4 ± 2.0 103.1 ± 1.0 (316 K) − 157.3 ± 2.4 Exp [4–6]
− 166.0i Est, recommended [5]

81.9 Calc, GAg [11]
− 272.7 88.6 − 184.1 Calch This work

4-Methyldiamantane − 261.5 ± 0.7 79.4 ± 1.3 (322 K) − 182.1 ± 1.3 Exp [4–6]
80.0 Calc, GAg [11]

− 288.1 88.7 − 199.4 Calch This work
Diamantan-1-ol − 428.8 ± 1.0 117.9 ± 0.6 (334 K) − 310.9 ± 1.2 Exp [6, 12]

102.1 ± 5.0 Exp [7]
97.9 Calc, GAg [11]

− 444.3 101.9 − 342.4 Calch This work
Diamantan-3-ol − 413.8 ± 1.5 116.1 ± 4.4 (338 K) − 297.6 ± 4.6 Exp [6, 12]

102.4 Calc, GAg [11]
− 433.3 106.1 − 327.2 Calch This work

Diamantane-4-ol − 435.0 ± 1.6 117.8 ± 0.2 (337 K) − 317.1 ± 1.6 Exp [6, 12]
108.8 ± 5.0 Exp [7]
97.9 Calc, GAg [11]

− 445.5 103.3 − 342.2 Calch This work
Diamantanone − 339.6 ± 1.6 103.1 ± 0.6 (320 K) − 236.5 ± 1.7 Exp [12]

88.8 Calc, GAg [11]
− 351.2 89.8 − 261.4 Calch This work

1-Aminodiamantane 89.2 Calc, GAg [11]
− 242.7 94.2 − 148.5 Calch This work

3-Aminodiamantane 84.6 Calc, GAg [11]
− 231.2 94.5 − 136.7 Calch This work

4-Aminodiamantane 89.2 Calc, GAg [11]
− 247.8 96.6 − 151.2 Calch This work

aWeighted average value based on two combustion enthalpies, see text for details
bMolecular mechanics calculations
c Atom-atom potential method
d Calculated from isodesmic reaction (Eq. 1) using B3LYP/6-31G(d) energies
eMolecular electrostatic potential (MEP) model; calculated using the equation ΔsubH°

298 ¼ a ASð Þ2 þ b
ffiffiffiffiffiffiffiffiffi
σ2
totv

p
þ c from ref. [13]

f Calculated with equation from ref. [13] and coefficients a, b, and c determined using fitting for polycyclic saturated hydrocarbons at B3LYP/6-311++G
(d,p) level of theory
gGroup additivity (GA) method, calculated in this work using atom group contributions from ref. [11]
h Gas-phase enthalpy of formation is calculated from isodesmic reactions (Table 2) using G4 energies; sublimation enthalpy calculated by the MEP
model (Eq. 3, DFT/B3LYP/6-311++G(3df,2p) method)
i Estimated value was recommended taking into account inconsistencies in experimental Δ fH°

298 gð Þ values for methyldiamantanes and results of
molecular mechanics calculations (see text for details)

Struct Chem (2019) 30:615–621 617



two of them were determined with large error (Table 1). The
theoretical estimations by group additivity, atom-atom poten-
tial, and MEP models result in lower values from 73.5 to
83.2 kJ/mol (Table 1). Also, it should be noted that adding
methyl group to adamantane (Table 2) increases the sublima-

tion enthalpy, whereas the experimental ΔsubH°
298 value of

diamantane is, on the contrary, larger than that for 1- and 4-
methyl substituted diamantanes (a too large value for 3-methyl
diamantane seems to be unreliable). Since the calculations by
the MEP model predict the sublimation enthalpies of

adamantanes in agreement with the experiment, it is reason-
able to suggest the reliability of similar estimations for
diamantanes. Table 2 also lists the σ2

totv parameters that are
important in describing noncovalent interactions between
molecules when representing properties such as enthalpies of
sublimation [20]. It is seen that these values correlate with the
change in sublimation enthalpies of adamantanes. Avery sim-
ilar trend is observed for diamantanes, and therefore we can
suggest that experimental sublimation enthalpy of diamantane
is significantly overestimated.

Fig. 2 Computed electrostatic
potentials on the molecular
density isosurfaces of diamantane
and its derivatives. The red
surface corresponds to a region of
negative electrostatic potential,
while the blue color corresponds
to the positive potential. The
values of σ2

totv are given in
(kcal/mol)2

Table 2 Comparison of correlation between sublimation enthalpies in diamantane and adamantane and their methyl derivatives

Compound ΔsubH°
298 ΔsubH°

298 σ2
totv Compound ΔsubH°

298 ΔsubH°
298 σ2

totv
expa calcb calcb expc calcb calcb

kJ/mol kJ/mol (kcal/mol)2 kJ/mol kJ/mol (kcal/mol)2

Diamantane 95.9 83.2 0.46 Adamantane 59.1 59.6 1.86
1-Methyldiamantane 80.6 87.5 0.54
3-Methyldiamantane 103.1 88.6 0.51 2-Methyladamantane 68.2 65.5 1.99
4-Methyldiamantane 79.4 88.7 0.63 1-Methyladamantane 67.8 65.4 2.12

a References to experimental data are given in Table 1
b This work, MEP model
c References to experimental data are given in ref. [14]
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Assuming the sublimation enthalpy to be 83.2 kJ/mol, as

estimated by the MEP model, and Δ fH°
298 gð Þ = − 156.1 kJ/

mol, as calculated from the isodesmic reaction (Eq. 1), we
obtain the value of − 239.3 kJ/mol for the enthalpy of forma-
tion of crystalline diamantane. As can be seen from Table 1,
this value agrees well with the experimental value of − 240.4
± 1.5 kJ/mol [5] determined based on two independent mea-
surements of combustion enthalpy. Thus, the theoretical de-
terminations of this work seem to be quite reliable.

Diamantane derivatives

Experimental data on enthalpy of formation in crystalline
phase and sublimation enthalpy were reported by Clark et al.
[4–6, 12] for isomeric methyldiamantanes and diamantanols,
as well as for diamantanone. As seen from Table 1, the exper-

imental Δ fH°
298 crð Þ values are from 10 to 30 kJ/mol larger

than the theoretical values calculated in this work combining

the estimated values of Δ fH°
298 gð Þ and ΔsubH°

298. However,

the inconsistencies revealed in the Δ fH°
298 gð Þ data for

methyldiamantanes [5] denote inaccuracies in experimental
data, at least for these compounds. Clark et al. [5] discuss
the possible error in the enthalpy of combustion of 3-
methyldiamantane and recommend the Δ fH°

298 gð Þ value
based on methyl group increments and molecular mechanics
calculations rather than on experimental data.

In addition to data of Clark et al. [6], the sublimation en-
thalpy was determined for 1- and 4-diamantanol by Gunawan
et al. [7]. These values, as seen from Table 1, agree well with
the sublimation enthalpies estimated in this work, whereas the
discrepancies with the data [6] are 9–16 kJ/mol. Note also that
the sublimation enthalpies calculated by theMEPmodel are in
good agreement with those estimated by the atomic group
additivity method recently presented by Naef and Acree

Fig. 3 Comparison of increments
in Δ fH°

298 crð Þ for different
substituent groups in
adamantanes and diamantanes.
Experimental data for
adamantanes were taken from ref.
[14]

Struct Chem (2019) 30:615–621 619



[11]. This method is based on a large and comprehensive
collection of experimental sublimation data published by
Acree and Chickos [21, 22].

Considering additivity for Δ fH°
298 crð Þ values and assum-

ing that experimental enthalpy of formation of crystalline
diamantane [5] is accurate, it is interesting to compare the
change in enthalpies of formation of adamantanes and
diamantanes when the different groups are added to the
unsubstituted molecules. The replacement of hydrogen atom
in adamantane and diamantane by methyl, hydroxy, and
carboxy groups leads to a decrease in enthalpy. This replace-
ment in diamantane produces a structural change equivalent in
thermochemical terms to that in adamantane (bridgehead po-
sitions 1 and 4 in diamantane can be considered equivalent to
position 1 in adamantane, while the position 3 at secondary
carbon in diamantane is equivalent to position 2 in
adamantane). However, the corresponding group increments
for diamantane and adamantane, as seen from Fig. 3, differ
distinctly from each other. For example, replacement of hy-
drogen atoms in positions 1 and 2 in adamantane by a methyl
group produces an experimental enthalpy increment of − 51
and − 33 kJ/mol, respectively, but the methyl group incre-
ments in diamantane (− 7, − 20, and − 21 kJ/mol in positions
1, 3, and 4) are much smaller. This discrepancy is unusually
large for structurally similar compounds. On the other hand,
Fig. 3 shows that –CH3, –OH, and =O group increments in
diamantane calculated in this work are in much better agree-
ment with those in adamantane. This comparison provides
additional support for the results of theoretical calculations.

Conclusions

The inconsistencies between experimental and theoretical en-
thalpies of formation and sublimation revealed in this work
cannot be resolved with the existing data. It is known that
diamantanes form orientationally disordered (or plastic) crys-
tals [1, 23], and this creates difficulties in quantitative mea-
surements and comparison of experimental and estimated
values. If the sublimation enthalpy is determined for not total-
ly crystalline phase, the estimated value can be overestimated
as it was suggested for aminoadamantane [15]. However, as
can be seem from Table 1, almost all theoretical sublimation
enthalpies are lower than the experimental values.

The inconsistencies in experimental data for diamantanes
noted in this work may be related to experimental uncer-
tainties. Only for two diamantane derivatives, diamantan-1-
ol and diamantan-4-ol, the sublimation enthalpy was deter-
mined twice and, as seen from Table 1, the difference between
two results is large (16 and 9 kJ/mol, respectively). Also, there
is no consistency in the experimental Δ fH°

298 gð Þ values.
Because of this, unlike in the case of adamantanes [14], we

were not able to get a reasonable solution for isodesmic reac-
tion network by simultaneous adjustment of gas-phase en-
thalpies of formation of diamantanes.

As for theoretical calculations used in this work, their un-
certainty may be larger than that for adamantanes [14, 15]. It
was shown [14] that cyclohexane and fused cyclohexane rings
(decalins and perhydroanthracenes), when used in isodesmic
reactions as the reference species, lead to the underestimated

Δ fH°
298 gð Þ values of adamantane. A good agreement with the

experiment was achieved only when using adamantane deriv-
atives as references. Therefore, it cannot be ruled out that the
more accurate results will be obtained if the diamantane de-
rivatives are used in the working reactions instead of
adamantane. New experimental studies are needed to validate
predicting results from this work.
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