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The equilibrium thermochemical properties of the dimers and trimers of H, and D, , g Ko e ©®
are obtained from the equations of state (EOSs) of normal H, and D,. The standard dimer and = - e
trimer equilibrium constants Kp, and Kt and AHp, 1 and ASy, 1 are reported for these weakly bound ®
van der Waals molecules between 25 and 45 K. Statistical thermodynamics (ST) calculations of H, 3 0@ Ky g P
and D, dimerization using Morse pair potentials to account for intermolecular interactions, obtained T .. . e
from recent experimental work, are in qualitative agreement with the EOS results. The entropies of

the H, and D, dimers and trimers are calculated from the EOS AS° values and ST calculations of the monomer entropies.

equilibrium thermodynamics, statistical thermodynamics, van der Waals clusters, hydrogen dimer, deuterium dimer,
hydrogen trimer, deuterium trimer, (H,)(D,) heterodimer

studies relating to the rare gases He,"® Ne to Xe,"? and the small
molecules CH, and CO,.”" A similar approach was previously
employed by Ruscic to water dimerization.”"

Since H, is emerging as an important alternative to fossil
fuels,”” although it might play a small role in global warming,” it
is important to have data relating to the equilibrium
thermodynamics of dimer and trimer formation.

The weak and subtle noncovalent interactions between atoms
and molecules that give rise to the formation of dimers, trimers,
higher-order n-mers, and lar§er clusters have been of particular
interest for many years. ° They have been the focus of
numerous theoretical investigations into the nature of these
weak associations, e.g., in the H, and D, dimers,” ™ '° as well as

the subject of an ab initio study of hydrogen molecular
11

clusters. . . a
. . The standard dimer and trimer equilibrium constants are expressed as
The use of mass spectrometry, in tandem with jet-cooled
molecular beam methods, has led to the observation and 2M =D (Kp) (1)
characterization of such association pairs and aggregates.'”"” and
For example, in 1964, Leckenby et al. reported the presence of .
“condensation embryos” accompanying the isentropic expan- M=T (Kp) 2)
sion of a gas into a vacuum chamber." The binding mechanism where
of these species was characterized as “van der Waals forces”,
o
giving rise to the appellation “van der Waals molecules” to such o_ B/PT [Py (P°)
. D ™ -
species. (Py/P°)? Py (3)
In 1964, Watanabe and Welsh reported the presence of “(H,), d
» . . .. . . an
complexes” from increases in the collision-induced infrared
absorption spectra of H, vapor and suggested a dissociatﬂiolri o P/ (B .
energy of 5.0 Kand an intermolecular separation of 4.2—4.6 A. T o3 | p3
. . . (Pu/P°) Py (4)
They also provided evidence of two bound states and assigned
features of the spectra to the presence of bound and metastable in which Py, Pp, Pr, and P° are the equilibrium partial pressures, in bars,
rotational states. Subsequent studies reported the existence and of the monomer, dimer, trimer and total pressure, and the standard
. . 15,16 ressure ar), respectively. It follows from eqs 1 an that the
properties of the D, dimer P (1 bar), respectively. It follows f qs 1 and 2 that th
2 : ilibri tant for M + D = T is K3/Kp,.
Of the diverse array of van der Waals dimers formed from equitibrinm constant for is K/Kp
atoms and molecules, the weakest, not surprisingly, are those
containing few electrons, e.g.,, He, H,, and Ne, with Lennard- March 13, 2022 PHYSICAL"
Jones well depths (obtained from the second virial coefficients) APrfl 1,2022
of 10.22, 37.00, and 35.60 K, respectively.17 April 4, 2022

The present work focuses on the equilibrium thermodynamic April 13, 2022

properties of the dimers and trimers of H, and D, obtained from
their equations of state (EOSs) and is a continuation of previous
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Table 1. Standard Thermochemical Properties of H, and D, Dimerization between 25 and 45 K

H,—H, D,-D,
T (K) K3 AHY, (J/mol) ASp, (J/(mol-K)) K AHY, (J/mol) ASp (J/(mol-K))

25 0.051236(2) —511.96(3) —45.183(1) 0.060529(2) —535.04(3) —44.721(1)

27 0.042304(2) —563.85(3) —47.181(1) 0.049603(2) —582.10(3) —46.533(1)

29 0.035314(1) —614.67(3) —48.995(1) 0.041217(1) —627.01(4) —48.135(1)

31 0.029761(1) —666.82(4) —50.732(1) 0.034650(1) —673.57(4) —49.685(1)

33 0.025290(1) —720.41(4) —52.406(1) 0.029417(1) —721.97(4) —51.196(1)

33 0.021647(1) —775.65(5) —54.030(1) 0.025186(1) —772.40(5) —52.678(1)

37 0.018648(1) —832.70(5) —55.614(1) 0.021719(1) —824.95(5) —54.137(1)

39 0.016155(1) —891.74(6) ~57.167(1) 0.018847(1) —879.71(6) -55.577(2)

41 0.0140644(5) —953.08(6) —58.700(2) 0.018847(1) -936.87(7) —57.005(2)

43 0.0122979(4) —1016.9(7) —60.219(2) 0.0144141(5) —996.49(7) —58.424(2)

45 0.0107945(3) —1081.5(7) —61.686(2) 0.0126871(4) —1056.6(8) —59.790(2)

The details of the method used to obtain the standard equilibrium AHC = RT? dln K°
constants and values of AH® and AS° for dimerization and trimerization - dT (8)
have been described in previous work and are also presented in the
Supporting Information. Briefly, the EOS of the gas is used to obtain the R o
compression factor, Z (i.e., PV,,/RT), over a certain temperature range. AG” = —RTln K ©)
It is demonstrated in ref 19 (and shown in the Supporting Information) and
that Z is related to the mole fractions of the monomer, dimer, and trimer
through its reciprocal, r, viz. As® AH® — AG®
B T (10)

r=— 2 xy + 2xp + 3xp

()

It should be noted that the model assumes the presence of only
monomers, dimers, and trimers. The gas pressures used in the
calculations, at each temperature, are chosen to be low enough to
assume the validity of eq S. The key equation used to obtain Kpand Kt
at each temperature is

N =

(r = 1) = K§(P) + K20aip?) ©)
where P is the total pressure. K, and K7 are obtained from a multiple
regression analysis of eq 6 over a certain pressure range. Since the values
of x); are needed over that pressure range, the initial values of Kpand K7
are first obtained and then used to calculate xy;(P). These initial values
are obtained from a regression of

(r—1)

s ~ K§P + 2K5P?
—-r

)

These initial values of Kp and K7 are used to calculate x) in eq 6,
which is employed to obtain the more precise ones that furnish the data
reported here. The derivation of eq 7 can be found in the Supporting
Information. It should be noted that these initial values of Kpy and K- are
very close to those produced from eq 6 because the pressure ranges used
are low enough to ensure that xp, and x are sufficiently small.

The calculations reported here are based on the EOSs of H, and D,
developed by Leachman et al.>* and Richardson et al,,*® respectively,
and implemented in the PC application miniREFPROP.>® The
temperature range used in this study is 25—45 K, and the pressure
ranges at each temperature were chosen to keep the monomer mole
fraction between 0.9940 and 0.9970. This measure keeps xp and xp
from being too large below 25 K and too small above 45 K, which would
affect the precision of Ky, and K7 in the regression of eq 6. The pressure
ranges used in the H, and D, calculations range from 0.0580 to 0.274
and 0.0500 to 0.234 bar, respectively. The largest mole fractions of the
dimer and trimer for both H, and D, are roughly constant over the
temperature range used, ie., with xp ., about 6 X 107 and xr .,
between 6 X 107 and 7 X 107°. Detailed information about the
pressure ranges used in the H, and D, calculations and the
corresponding dimer and trimer mole fractions is shown in the
Supporting Information.

From the Kp, and K¥, values of the thermodynamic quantities AH®,
AG°®, and AS° were obtained from the relations
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Table 1 contains values of Kp, AHp, and ASp, for both H, and D,
dimerization between 25 and 45 K for the EOS-based
calculations. The standard deviation of regression of the fits to
eq 6 ranged between 8.9 X 10™® at 25 Kand 7.4 X 107 at 45 K
for H, and 8.5 X 1078 to 7.7 X 107% for D,. These results, for 1 K
intervals, are available in the Supporting Information. Statistical
thermodynamics calculations of these quantities for H, and D,
dimerization using a Morse potential to describe H, and D,
intermolecular interactions are presented later.

The results show that, as expected, Kp for the D, dimer is
larger than that for H, and AHp is more negative because of the
smaller zero point energy (larger zero point dissociation energy
Dy). The values of AS} can be used to obtain the dimer entropy
Sp through the relationship

ASp = Sp — 28y (11)
where Sy, is the entropy of the monomer, H, or D,. The latter is
calculated from the respective molecular rotational constants
(vibrational contributions are negligible in the temperature
range used because of the high vibrational frequencies).
However, care must be taken to account for the ortho-para
nuclear spin isomers of H, and D,. To comport with the EOSs
employed,”™* the calculations used to obtain SY, are for
“normal” hydrogen and deuterium, in which the populations of
the ortho and para forms are constrained to the ratio of the
respective nuclear spin function degeneracies, i.e., 3:1 for H, and
6:3 for D,, independent of temperature. The calculations of the
normal H, and D, partition functions follow the methods of
Colonna et al.”” and Le Roy et al.** The results are available in
the Supporting Information, along with the respective Sy; values
and are in excellent agreement with those reported in ref 28.
Table 2 contains Sp, obtained from eq 11.

https://doi.org/10.1021/acsphyschemau.2c00015
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Table 2. Values of the Monomer and Dimer Entropies of H,
and D, and Their Translational and Rotational Entropies
between 25 and 45 K

H, D,

T (K) 8% s S g
25 72.93 100.67 77.76 110.80
27 74.53 101.87 79.37 112.20
29 76.01 103.03 80.86 113.58
31 77.40 104.06 82.26 114.83
33 78.70 104.99 83.58 115.96
35 79.92 105.81 84.83 116.98
37 81.08 106.54 86.02 117.90
39 82.17 107.17 87.15 118.73
41 83.21 107.72 88.24 119.48
43 84.20 108.18 89.29 120.17
45 85.15 108.60 90.31 120.83

“Entropies in J/(mol-K). bCalculated from eq 11

To provide corroboration of the EOS-based results presented in
Table 1, statistical thermodynamics (ST) calculations were
carried out to obtain independently these thermochemical
quantities. The recent publication of Khan et al.”’ presents a
propitious opportunity to carry out such calculations. It reports
the results of femtosecond laser-induced Coulomb explosion
imaging experiments that permit a statistical sampling to be
made of the intermonomer distribution function (the square of
the wavefunction) of single-molecular dimers of H,, D,, and
their heterodimer (H,)(D,). From this work, the authors
obtained centrosymmetric potential energy functions that
essentially represent the projection of the full six-dimensional
potential energy surfaces of the dimers onto a one-dimensional
PE coordinate—the intermolecular distance. Thus, they
reported the parameters of the Morse, Lennard-Jones, and the
modified Buckingham potentials. Such one-dimensional cen-
trosymmetric potentials are consistent with the description of
the monomer—monomer interactions that lead to gas
imperfection expressed by the EOS since the latter reflects the
array of intermolecular interactions under equilibrium con-
ditions.

For the ST calculations reported in the present study, the
Morse potential is used to obtain the dimer rovibrational
energies employed in the calculation of the dimer partition
functions. The intermolecular potential used is

V(R) = D1 + exp[—2a(R — R,)]
n

+
2/4R2

— 2exp[—a(R — R} JJ + 1)

(12)
in which R is the intermonomer separation. The first term is the
Morse function, where D, is the well depth, R, is the value of R at
the potential minimum (of the rotationless dimer), and «a is a
parameter that affects the curvature of the bottom of the well.*’
The second term accounts for the rotational energy of the dimer,
in which 7 is the Planck constant divided by 27, y is the reduced
mass, and ] is the rotational quantum number.’® The Morse
potential parameters are shown in Table 3.

The eigenvalues and eigenfunctions of the Schrodinger
equation with potential function (eq 12) were obtained using
a finite difference method for chosen values of J.>' The rotational
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Table 3. Morse Parameters Used in the ST Calculations”

dimer D, (K) R, (A) a (A“l)b
H,—H, 43(2) 3.50(2) 1.80
D,-D, 46(3) 3.49(3) 2.02
H,-D, 49(6) 3.47(5) 1.97

“Values of D, and R, are from ref 29 (the reported uncertainties are
shown). ®Values of a are obtained from a regression fit of the Morse
curves shown in Figure S3 of the supporting information of ref 29 to
the first term on the RHS of eq 12 using values of D, and R, provided
in ref 29 and shown in Table 3.

term in eq 12 produces (for ] # 0) a rotational barrier to
dissociation.”® Figure 1 shows plots of the potential function of
eq 12 along with the square of the wavefunction, ¥}(R), of the
dimers.

These graphs illustrate the extent to which W} extends to
larger values of R, indicating the quantum mechanical tunneling
that arises from the small well depths and reduced masses. As
expected, W7 for H,—H, extents farther out than it does for D,—
D,. Panel (d) shows the rotational barrier (arising from the
second term of the RHS of eq 12), which is about 8 K. The finite
difference results show for all dimers only one vibrational level,
the zero point state. Tunneling is appreciable for the rotational
excited levels.

Table 4 contains the eigenvalues of the relevant J levels of the
dimers along with the percentage tunneling into the nonclassical
ranges of R, i.e., values of R for which V(R); > E,.

The zero point dissociation energies of the dimers, Dy = D, —
E;_o, where D, is from ref 29 and E_, is from the calculations in
Table 4, are 4.4, 11, and 7.9 K| in excellent agreement with the
values in ref 29 and also with those calculated from the analytical
solution of the Morse potential.*” It can be seen that the energies
of the ] = 3, 4, and 3 states of dimers lie above the respective D,
levels and have ~100% probabilities that the intermonomer
separations are consistent with dissociation. The dimer
rotational partition functions are calculated using the J = 0—2
states of (H,), and H,D, and the ] = 0—3 states for (D,),. It
should be noted, however, that the energy of the | = 2 state of
(H,), is close to the top of the rotational barrier (ca. 1.6 K), and
therefore (along with the small reduced mass of this dimer), a
large fraction of the intermonomer distribution probability is in
the nonclassical region (ca. 83%). This is likely an artifact caused
by the characteristics of the Morse function since adjustment of
the potential parameters, within the uncertainties indicated in
ref 29, produces a more strongly bound J = 2 level that justifies its
inclusion in the calculation of the rotational partition function. It
should be noted that both the L] and modified Buckingham
potentials of ref 29 produce larger D, values, i.e., 5.8 and 5.4 K,
respectively (cf. 4.4 K for the Morse potential), and,
accordingly, fully bound J = 2 states.

The Morse potential calculations are given credence by the
experimental findings of Watanabe and Welsh,'* who estimated
the H,—H, dimer binding energy to be ~5.0 K, which compares
with 4.4 K, from the results in Table 4 and from ref 29. They'*
assigned dimer rotational transition energies of 2.7 and 6.9 K, in
qualitative agreement with 2.3 and 5.9 Kfor J=0—1and J=0-2
transitions, respectively (Table 4).

The standard equilibrium constant K3, for the H, and D, dimers
was calculated from

https://doi.org/10.1021/acsphyschemau.2c00015
ACS Phys. Chem Au 2022, 2, 346—352
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Figure 1. Plots of the potential energy function V(R) in eq 12 (black) and the distribution function ‘I‘]2 (red) for the (H,),, (D,),, and H,—D, dimers.
The horizontal black dashed lines correspond to the eigenvalues Ej, and the vertical yellow dashed lines indicate values of R for which V(R) = E;. (a) H,
dimer, ] = 0; (b) D, dimer, ] = 0; (c) H,—D, heterodimer, ] = 0; (d) D, dimer, J = 3. The distribution functions are arbitrarily scaled and are vertically
shifted to converge to the respective eigenvalues (horizontal dashed black lines).

Table 4. Eigenvalues of eq 12 Corresponding to the Different J Levels of the Dimers and the Percentage Tunneling”

H,-H, D,-D, H,-D,
D’ 43 46 49

] Ef Vs % nc® E°© Vi % nc® Ef Vs % nc®
0 38.6 32.8 354 243 41.1 283
1 40.9 2.9 37.1 36.8 9.6 24.8 433 6.3 30.0
2 44.5 1.6 82.8 39.7 7.8 264 472 42 35.1
3 45.6 99.8 44.0 5.5 29.7 50.9 98.8
4 482 98.9

“Energies are in K. bD, values from ref 29 (see also Table 2). “Obtained from finite difference calculations.>’ “Rotational barrier [V(R) Jmax — Ej.

“Percent tunneling into the nonclassical region.

105A§4q
o D, rot-vib
Kp = Miztexp(Do/T)
DqM,rot-vib (13)
in which
h
Ap=-"——"35
(27TmM,DkT)1/2 (14)

comes from the standard translational partition functions of the
monomer and dimer, my, p, is the respective molecular mass, D,
is the dissociation of the dimer (from the zero point level), in K,
and h and k are the Planck and Boltzmann constants,
respectively. The factor of 10° indicates the standard pressure
(in bars).

In eq 13, Guirorvib @0d gproevip are the monomer and dimer
rotational-vibrational partition functions, respectively. Because
of the high stretching frequencies of H, and D,, the vibrational
contribution to the internal energy of the monomers is negligible
at the low temperatures used in the EOS calculations. Thus, only
rotational states need to be considered in calculating the
monomer partition functions. These values are obtained from a
discrete sum over states, taking into account nuclear spin
statistics of the ortho and para forms, as elppropriate.27’28 The
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results of these calculations are available in the Supporting
Information.

Calculations of gp,..i, are challenging. Not only is there a
distribution of dimer structures, but they consist of a mixture of
ortho-ortho, para-para, and ortho-para nuclear spin isomers. In
addition, the dimers are expected to have four low frequency
intermonomer vibrational modes, which would be populated at
the temperatures in this study, while the two high frequency
modes associated with the perturbed H-H (D—D in the D,
dimer) stretching mode would be scantly populated. While ab
initio calculations can provide values of the six harmonic
frequencies and the rotational constants, it is not clear the extent
to which these rovibrational levels actually contribute to the
partition function because of the shallowness of the potential
wells and the high zero point energies relative to the well depths,
i.e., small D, values.

However, by collapsing the six-dimensional PE surface of the
dimer into a one-dimensional centrosymmetric one (e.g, the
Morse potential), as is accomplished in the work of Khan et al.,”
the opportunity arises to calculate gp,..; Since, in this model,
there is only one vibrational mode, the van der Waals stretch,
thus considerably simplifying the calculation. The rotational
energy levels shown in Table 4 are used to calculate gp,q.

https://doi.org/10.1021/acsphyschemau.2c00015
ACS Phys. Chem Au 2022, 2, 346—352
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Table S. Calculated Thermochemical Properties Related to the Dimerization of H, and D, between 25 and 45 K

H,—H, D,-D, H,-D,

T (K) KB AH%b,c AS%d,z— KB b,c ASoDd,c KOD AHon,c ASoDd,c
25 0.0430 —522 —47.1 0.0836 —567 —433 0.0716 —-551 —439
27 0.0354 —567 —48.8 0.0677 —612 —45.1 0.0584 —596 —45.7
29 0.0296 —608 -50.2 0.0558 —654 —46.5 0.0483 —637 —472
31 0.0250 —649 -51.6 0.0466 —696 —48.0 0.0406 —679 —48.6
33 0.0214 —691 -52.9 0.0394 —-739 —493 0.0344 -721 —49.9
35 0.0184 -732 —54.1 0.0336 782 -50.5 0.0295 763 —-51.1
37 0.0160 —774 -55.3 0.0290 —826 —51.8 0.0255 —806 -523
39 0.0140 —-815 —56.4 0.0251 —870 -52.9 0.0222 —849 —534
41 0.0124 —857 —57.4 0.0220 —916 —54.1 0.0195 —893 —54.5
43 0.0110 —898 —58.4 0.0193 —962 —552 0.0172 -937 —-55.6
45 0.00980 —-938 -59.3 0.0171 —1007 —56.2 0.0153 —979 —-56.5

9K}, calculated from eq 12. ?J/mol. “Calculated from eq 8. %J/(mol-K). “Calculated from eqs 9 and 10.
Table 6. Standard Thermochemical Properties of H, and D, Trimerization between 25 and 45 K
K3 AHY (J/mol) AS (J/(mol-K))

T (K) H, D, H, D, H, D,

25 5.171(1) x 1073 7.375(1) x 1073 —1057(1) —1094(1) —86.07(6) —84.58(5)
27 3.4842(7) x 1073 4.9069(9) x 107 —1158(2) —1192(2) —89.96(6) —88.37(6)
29 2.4071(5) x 1073 3.3553(6) x 1073 —1258(2) —1287(2) —93.52(7) —91.77(6)
31 1.696(3) x 1073 2.3487(4) x 1073 —1363(2) —1387(2) —97.02(7) —95.08(7)
33 1.2160(2) x 1073 1.6757(3) x 1073 —1474(2) —1492(2) —100.47(7) —98.34(7)
35 8.845(2) x 107* 1.2150(2) x 1073 —1587(3) —1601(3) —103.81(7) —101.55(8)
37 6.518(1) x 107 8.935(2) x 107 —1706(3) —1716(3) —107.11(8) —104.76(8)
39 4.8560(9) x 107 6.646(1) x 107* —1833(3) —1840(3) —110.43(8) —108.02(9)
41 3.6505(7) x 107* 4.9922(9) x 107 —1965(4) —1970(4) —113.74(9) —111.26(9)
43 2.7669(5) x 107 3.7816(7) x 107* —2107(4) —2110(4) —117.12(9) —114.59(9)
45 2.1098(4) x 107* 2.8829(5) x 107 —2257(4) —2257(4) —120.53(9) —117.9(1)

Equation 13 is used to calculate Kp, AHp, and ASp of the
three dimer systems. These results are shown in Table S.
Because of the uncertainty in these calculations, the results may
be considered qualitative and are reported to more significant
figures than perhaps warranted to allow comparisons to be made
with the EOS results. In calculating the properties of the
heterodimer equilibrium, gy ;- v in eq 13 is replaced by

qH,rot - vibqD,rot - vib*

These ST results in Table S are in good qualitative agreement
with the EOS results in Table 1. A closer comparison can be
made by obtaining the dimer entropies Sp ., from the ST-
calculated values of ASY (Table 5) using eq 11 and the
monomer entropies listed in Table 2. These calculations
produce values that range from 98.8 to 111 J/mol-K for the
H, dimer and 112 to 124 J/(mol-K) for the D, dimer between
25 and 45 K, in satisfactory comparison with 101—109 J/(mol-
K) and 111-121 J/(mol-K), respectively.

In this section, the trimer equilibrium (eq 2) involving H, and
D, as monomers is considered. The EOS-based results (eqs 6
and 8—10) are summarized in Table 6. It should be noted that, in
these calculations, the pressures were low enough to keep the
trimer mole fractions reasonably small. They ranged from 1.6 X
107> to 7.1 X 107° for both H, and D,.

From these results, we see that, as expected, for both H, and
D,, the values of K7 are smaller than those of K}, and that the
trimerization enthalpy and entropy changes are more negative
than those for dimerization (see Table 1). Moreover, both AH%
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and AS7 values are about twice those of the respective values for
dimerization at each temperature and their regression
uncertainties are, as would be anticipated, larger than those for
dimerization. The uncertainties in K% are about 0.1 (at 25 K)
and 0.02 (at 45 K) that of K.

It might be expected that, for these weakly bound van der
Waals dimers and trimers, AHT would be about 3 times larger
than AHY (the trimer being held together by three “van der
Waals” bonds as compared with two for the dimer). In fact, the
ratio of well depths (D,), obtained from the counterpoise-
corrected MP2/aug-cc-pVTZ calculations reported by Carmi-
chael et al,, is about 3.0."" This ratio is based on the equilibrium
structures of the T-shaped dimer and cyclic planar Cjy,
structure.'' However, the situation regarding enthalpy changes
is more complicated. For example, from energy balance
considerations

S
AHp = —Dyp + Up it = 2Unine — /ZRT (15)
and

AHp = =Dy 1 + Ur e — 3Upgine — SRT (16)

where Dy, and D,y are the respective zero point dissociation
energies of the dimer and trimer, and the U terms are the
corresponding internal energies of the dimer, monomer, and
trimer.

As noted above, the potential energy surface of the H, dimer is
shallow and contains several minima, with low barriers
separating them. Moreover, the zero point vibrational energies
of the different H, dimer species are larger than or comparable
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with the local well depths. That is why the reduction of the six-
dimensional surface of the dimer into a one-dimensional one™” is
so useful since it allows calculations, however simplified, to be
carried out on the dimer properties.

The case of the trimer is all the more fraught with such
complications, making ST calculations of the trimer infeasible.
Although the trimer potential well is about 3 times the depth as
the monomer for specific dimer and trimer structures, the
combined zero point energy of the nine low frequency modes
becomes comparable with the well depth itself. Thus, ab initio
calculations taking into account the anharmonic dimer and
trimer vibrational energies produce small D, values, i.e., 0.82—
2.3 K for the H, monomer and 3.0—3.2 K for the trimer."' These
compare with D, values of 39.6 and 121 K, respectively.''

The empirical entropies of the H, and D, trimers can be found
using the same method as for the dimers, i.e., ST = AST + 38},
where AS5 is obtained from the EOS calculations. The results
are shown in Table 7, which also contains the trimer internal
entropies, obtained by subtracting the translational entropy
from S7.

Table 7. Translational, Rotational, and Total Entropies of the
H, and D, Trimers between 25 and 45 K

HZ DZ
T (K) Sin 3 Si s3b
25 72.93 132.7 77.76 148.7
27 74.53 133.6 79.37 149.7
29 76.01 134.5 80.86 150.8
31 77.40 135.2 82.26 151.7
33 78.70 135.6 83.58 152.4
35 79.92 136.0 84.83 1529
37 81.08 136.1 86.02 153.3
39 82.17 136.1 87.15 153.4
41 83.21 1359 88.24 153.5
43 84.20 135.5 89.29 153.3
45 85.15 134.9 90.31 153.0

“Entropies in J/(mol-K). bCalculated from AS$ = S3 — 383

The H, trimer internal entropies (presumably largely due to
rotational states) are larger than those of the dimer by a factor of
ca. 2.0, while for the D, trimer, they are ca. 2.5 those of the
dimer, reflecting the larger number of such states in the trimers
vis-a-vis the dimers. It is also seen that, as in the case of the
dimers (Table 2), the trimer internal entropies decrease with
temperature.

Equations of state have been used to obtain the equilibrium
thermochemical properties and the entropies of the weakly
bound van der Waals H, and D, dimers and trimers of H, and D,
between 25 and 45 K. The dimer results are supported by
statistical thermodynamics calculations based on a Morse
potential, obtained from experimental studies.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsphyschemau.2c00015.

Summary of the EOS computational method, tables of
minimum and maximum pressures and dimer and trimer
mole fractions, expanded tables of dimerization properties
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of H, and D, rotational and total entropies of H, and D,,
and analytical solution of the Morse function (PDF)
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