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Experimental Determination of Interaction Energies o,w-dibromoalkane [Br(Ch).Br] guest molecule$>'3 The host
in a Porous Molecular Solid structure in urea inclusion compouAti¥ comprises a hydrogen-
) bonded arrangement of urea molecules, which contains linear,
Sang-Ok Leé,Kenneth D. M. Harris,* Peter E. Jupp,and parallel tunnels (diameter5.5-5.8 A).
Lily Yeo? As derived elsewhere,for a tunnel inclusion compound
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To derive a fundamental rationalization of the structural Wheremy=1—mandy; =1 — yi In this expressiony is the
properties of molecular solids, it is essential to understand the aVerage interaction energy between a spacer unit Sp and the host
intermolecular interactions that govern the observed molecular tunnel, and
packing arrangements. However, while chemists have considerable _
intuitive understanding of preferred intermolecular interaction n=2p+0 )

motifs, derived both from observing recurrent structural motifs whereg is the average interaction energy between an end-group
in known crystal structures and from computational studies of y 5nd the host tunnel. andl is the average interaction energy
intermolecular interaction strengths, there is a paucity of direct X+++X) between two aajacent guest molecules in the tunnel. The

guantitative experimental information on intermolecular interac- length ) of tunnel occupied by a guest molecule of typasually
tion energies. In this contribution, we apply a method for obeys a linear relationship

estimating interaction energies in tunnel inclusion compotihds
directly from experimental investigations of the competitive co- c~fn+g (3)
inclusion of binary mixtures of potential guest molecules. In
general, tunnel host structures provide a good opportunity for (which may be established from appropriate diffraction stulies
systematic studies of intermolecular interactions, as different typesgnd we define
of guest molecule are constrained to interact with the host structure
and with each other in geometrically controlled ways. ¢ =glf 4)

Our experimental studies of competitive co-inclusion focus on
the formation of inclusion compounds containing two different Physically,f can be interpreted as the distance taken up along
types of guest molecule X(Sp¥ and X(Sp),X, within the same the tunnel by each spacer unit Sp, anchn be interpreted as the
host tunnel structure. The guest molecules have the same typeglistance taken up along the tunnel by each pair of end-groups
of end-group (X) and spacer unit (Sp), but different chain lengths X-+-X. The periodic repeat distance of the host structure along

n andn; (v > n;). For each pair of guest molecule typésjy, the tunnel direction is denotey. Taking logarithms of eq 1 gives
the inclusion compound is prepared for several different values

of the proportion of X(Sp)X molecules in the crystallization Y =1 ﬂ _ iy 0 5
solution (denoted by;) and in each case we measure experi- ij =109 09 Yi ~ X, ®)

mentally the proportion of X(SpX guest molecules in the
inclusion compound (denoted by). Thus, our experimental data ~ where
comprise several values ofi(m) for each pair of guest molecule
types (, j)- Clearly, the values ofy{, m) indicate the relative P (g — nf)c, 1

extent of uptake of the two different types of guest molecule P KT (6)
within the host tunnel structure, which in turn depends on the
interaction energies within the inclusion compound. and

We have previously developed a mathematical nfodé¢hat
provides a framework for establishing relationships between _ 1 1 7
certain structural aspects of tunnel inclusion compounds and the % = n+¢ n+o @)

interaction energies within them (hegjuest and guestguest

interactions), including the casef competitive co-inclusion of For each pairi( j) of guest molecule types, we obta;

two different types of guest molecule X(Sp)and X(Sp)X. In experimental measurements (denotedjpyk = 1, ...,N;) of Yj.

the present work, we apply, for the first time, our methodology Fitting these values ofix as a function ok; (eq 5) allowsf to

for determining interaction energy terms directly from experi- be estimated and hence allows the interaction energy term
mental measurements of the type described above. For thesexg — 5f to be determined. The mathematical procedures

studies, we focus on urea inclusion compoudids containing developed for the fitting procedure are described elsewfiere.
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Figure 1. Plot of experimental measurememig versus x for mixtures n

of guest molecules Br(ChhBr and Br(CH),Br within the urea tunnel

) Figure 2. Computed values ofEngdversusn for Br(CH).Br/urea
structure. The values in parentheses arery). g P o (CH)n

inclusion compounds.

In this contribution, we report the first application of this 5.50 A as above, we obtaig — ;f ~ —10.00 A kcal mot*
methodology, to determine the interaction energy teign-— »f with 95% confidenc’:e intervalH14.42,—5.57) A kcal mot™. ’
for Br(CHy)qBriurea inclus_ion_compou_nds, af‘d we compare the The strategy applied here repres,,ents a novel approach for
rgsults to Fhe correspondmg |nfqrmqt|on de”V?‘d from computa- obtaining information on intermolecular interaction energies
tional StUd'eS‘.' In terms_of its physical Interpretation, we emphasize directly from experimental measurements. The excellent agree-
t_hat ag — »f is proportional toa/f — #/g [specifically, ag — #f ment® between our experimentally and computationally derived
N fg(a{f — 1/g)], which represents the average change in ENergy estimates obig — nf supports both the validity of our model for
per unit length c_)f tnnel qbtalned by substltutlng aspacer unitin analysis of the experimental data and the validity of the potential
place of an adjacent pair of end-groups, as discussed in morey o o o ametrization used in the computational work. We are
deta!l in ref 7. We note that the analysis presented here does nOtt:urrently extending the application of this method to a wider range
provide separate values for the energy teomandy, although a of binary mixtures of guest molecules in urea inclusion com-
strategy that does allow separate valueagfndn to be d.eter- pounds and other tunnel host structures. Given the wide-ranging
rT_nned (from measurements ag — ’7.f for aW|der_ series ‘.)f |nc_Iu- importance of understanding intermolecular interactions in mo-
sion compoulnds) has been establlshed, gnd is described in ref 7tecular solids, there is a very real prospect that the development

Our experimental dafacomprise 15 pairs of guest molecule ¢ giract experimental approaches for establishing quantitative
types {, j), with between 9 and 13 separate measurements of o mation on intermolecular interaction energies, such as the

(yi, m) in each case, covering the full rangejofbetween (but o094 demonstrated in this paper, will make significant future
not including) 0 and 1. In total, we have 143 measuremgpts impact in this field.

for 15 different values ok;, as shown in Figure 1 (a striking o o
feature of Figure 1 is that the range of values/pffor a given Acknowledgment. We are grateful to the University of Birmingham,
value ofx; is roughly proportional to-x;, and this observation CVCP, and Ciba Specialty Chemicals for financial support.
plays an important role in the analysis of data, as described in JA011649M
detail in ref 16). From analysisof the data shown in Figure 1, - - - —

. . - - : (19) Our computational studies of hegjuest interaction in Br(Ck).Br/
6 is estimated to be—112.l,. with 95% Confldencg interval urea inclusion compound# & 7, ..., 14) considered a single Br(@kBr
(—114.7,—109.5). To determinetg — #f from our estimate of guest molecule within the urea tunnel structure. Because of the incommensurate
0, we require values of temperatufg313 K; averaged over the relationship between the host and guest structures in Bj(Biurea inclusion

- ; ) - compounds$31526-24 the guest molecules within a given tunnel sample all
CryStaulzatlon EXpe”mentI’andCh' Smgle'cryStal X-ray diffrac- values ofz-coordinate within the unit cell of the host structure. We therefore

tion results for Br(CH),Br/urea inclusion compount®-1>18ead computed the hostguest interaction energ§(y) as a function of the position
tof~1.26 Aandg ~ 5.50 A (thusp ~ 4.37) andey ~ LLOG A 0/ 0es e 0 e e otontal aheroy baramobiea.
L2 Y 1 ulations (which u i y iza-
Thus.’ we O.btalm'g nf ~ —10.01 A kcal molT » with 95% tion?>?6based on the atoratom summation technique) are described (applied
confidence interval£10.24,—9.78) A kcal mot™. to a different system) elsewhet&The average hostguest interaction energy

Computed valué8 of the average hostguest interaction [EngFor the incommensurate system was determined by aver&giga) over

- - . all positionsz of the guest molecule along the tunnel. The guestest
energy(EnJare shown in Figure 2, confirming the expected interaction energyd was estimated (using the same potential energy

linear relationship E,JJ= an + 2] between [EnJand n. parametrization) for a pair of Br(C#Br molecules constrained to approach

Analysis of Figure 2 leads to. ~ —3.70 kcal mot! and 2 ~ each other in the linear trajectory dictated by the tunnel structure.

_ 1 ; : : (20) Rennie, A. J. O.; Harris, K. D. MProc. R. Soc. AL990,430, 615.
9}15 kcal mot?t. Our computatlonallestlr_nate o6fis +0.93 kcal (21) Harris, K. D. M.; Hollingsworth, M. DProc. R. Soc. 990,431,245

mol™, and thusy ~ —8.22 kcal mof*. Usingf ~ 1.26 A andg (22) van Smaalen, S.; Harris, K. D. NProc. R. Soc. AL996 452 677.
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molecules Br(CH),Br and BT(CH)HJBT [m=8,..,12;n =7, ...,m — 1] (25) Hagler, A. T.; Huler, E.; Lifson, Sl. Am. Chem. So4974 96, 5319.
were prepared as follows. Urea (1 g; 0.0166 moi) and two different (26) BIOSYM Technologies Inc., 9685 Scranton Rd., San Diego, California,
Br(CH,).Br guests (total of 0.002 mol in all cases) were dissolved in methanol U.S.A.
at 50°C. For each of the 15 pairgj{ of guest molecule types, between 9 and (27) Yeo, L.; Harris, K. D. MJ. Chem. Soc., Faraday Trarkd98 94, 1633.
13 separate crystal growth experiments were carried out using different mole  (28) Laves, F.; Nicolaides, N.; Peng, K. Z.Kristallogr. 1965,121, 258.
fractionsy; (across the full range from 0 to 1) of the two guest molecules in (29) Rennie, A. J. O.; Harris, K. D. MChem. Phys. Lettl992 188 1.
the crystallization solution. For a given paiy), all solutions were cooled (30) In statistical terms, the agreement between the results from our
simultaneously to 30C over 3 h, allowing crystallization to occur under  computational study and the analysis of our experimental data can be assessed
identical conditions in each case. The crystals were collected and washed withby determining a 95% confidence interval for the difference in the mean values
a small amount of 2,2,4-trimethylpentane. For each sample, the mole fractionsof ag — #f obtainable from the two approaches. This 95% confidence interval
(m andm) of the two different types of guest molecule within the inclusion is determinetf to be (-4.43,+4.42) A kcal mof™. Since the value 0O (i.e.,
compound were determined by gas chromatography [Carlo Erba GC 8000 zero difference between the results from the two approaches) lies well inside
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