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Abstract
Measurement of the unit cell of (R)-BINOL over a 200° temperature range (300–100 K) reveals an anisotropic contraction 
where the c-axis contracts ca. 2.3% compared to a ca. 0.45% contraction of the a and b axes, a ca. six-fold difference in linear 
thermal expansion coefficient. This contraction corresponds to a decrease in the helical pitch of the  31 screw axis in the [001] 
direction. The anisotropic nature of the contraction is rationalised by a thorough analysis of intermolecular contacts within 
the crystal and their impact on the conformation of the molecule and crystal packing.

Graphical Abstract
The crystal structure of (R)-BINOL exhibits a pronounced anisotropic thermal expansion.
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Introduction

As a general rule, materials expand with increasing tempera-
ture as the amplitudes of atomic vibrations are increased. 
Typically, this effect is noticeable yet modest and the 

contraction/expansion observed as a result of the changing 
temperature is approximately equal in each direction [1]. In 
certain cases however, changes in temperature can induce 
more pronounced conformational changes that allow for a 
greater degree of expansion in one or more specific direc-
tions. This phenomenon is known as anisotropic thermal 
expansion.

Such anisotropic expansion is exemplified by the abil-
ity of structures that exhibit helical motifs to act as ‘supra-
molecular springs’ [2, 3]. In such materials, changes to the 
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helical pitch can be induced by changes in pressure and/or 
temperature [4]. The spring-like quality arises as a direct 
result of the anisotropic nature of the response to the forces 
acting upon the material.

The study of thermoresponsive materials such as 
these has seen an increase in interest of late and such 
thermomechanical substances have potential in a wide range 
of applications [5, 6]. As materials in which mechanical 
responses can be induced at a molecular level, the study of 
molecular or supramolecular spring systems will help drive 
the development of molecular machines [7].

This development will rely on examining the relationship 
between the structures of these materials and their 
properties. Through an understanding of the interplay 
between the various solid-state interactions that influence 
the packing in those crystal structures observed to exhibit 
unusual behaviours under certain stimuli, it should be 
possible to use this knowledge to develop materials with 
bespoke properties tailored to specific applications [8].

(R)-( +)-1,1′-Bi(2-naphthol) ((R)-BINOL) is a simple 
organic molecule that forms hydrogen-bonded supramo-
lecular helices in the solid-state (Fig. 1) [8]. Despite vari-
ous iterations of the crystal structure of (R)-BINOL being 
published over the years [9–12], the first structure measured 
at cryogenic temperature was only recently reported [13]. 
In this low temperature structure the c-axis was reported 
to be ca. 0.2 Å shorter than that measured for any of the 
structures at room temperature. This contraction is nearly 

10-times greater than that observed for the other two axes, a 
classic example of anisotropic thermal expansion.

The chiral nature of (R)-BINOL (an instance of axial chi-
rality), its helical solid-state structure and its highly direc-
tional conformational flexibility makes it ideal for incor-
poration into more complex molecules that may exhibit 
spring-like compressibility (Fig. 2) [14]. Due to its simplic-
ity, studying the compound in isolation and without addi-
tional structural variables should provide some fundamen-
tal insights into how similar biaryl systems behave and the 
potential effects of including them in such systems.

This work comprises an in-depth, variable-temperature 
analysis of the crystal structure of (R)-BINOL highlighting 
the anisotropic thermal expansion observed and 
demonstrates that this is a consequence of a very subtle 
change in molecular conformation.

Experimental

(R)-BINOL was purchased from Sigma-Aldrich and used 
without any further purification. Crystals suitable for single 
crystal X-ray diffraction analysis were grown via slow 
evaporation from a solution of the compound in toluene.

Single crystal diffraction data were collected on an 
Xcalibur, Atlas, Gemini ultra diffractometer using copper 
radiation (λCuKα = 1.54184 Å) and the temperature of the 
sample was controlled using an Oxford Cryosystems 
CryostreamPlus open-f low  N2 cooling device. The 
temperature was lowered from 300 to 100 K in 10 K steps 
at a rate of 180 K/h. Five datasets were collected at 50 K 
intervals between 300 and 100 K and unit cell dimensions 
were measured at 10 K steps across the same range. All 
datasets and unit cell parameters were collected and 
measured respectively using the same crystal on the same 
mount without removing it from the goniometer.

Intensities were corrected for absorption empirically 
using spherical harmonics. Cell refinement, data collection 
and data reduction were undertaken via the software 
CrysAlisPro [15].

All structures were solved using XT [16] and refined 
by XL [17] using the Olex2 interface [18] (Fig. 3). All 

Fig. 1  (R)-BINOL with atomic numbering scheme and naphthalene 
rings (NR) labelled

Fig. 2  The helical hydrogen bonded chain in the [001] direction in 
the structure of (R)-BINOL
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non-hydrogen atoms were refined anisotropically and hydro-
gen atoms were positioned with idealised geometry, with 
the exception of those bound to oxygen, the positions of 
which were located using peaks in the Fourier difference 
map. The displacement parameters of the hydrogen atoms 
were constrained using a riding model with  U(H) set to be 
an appropriate multiple of the  Ueq value of the parent atom.

The thermal expansion coefficients were calculated using 
the web-based tool, PASCal [19].

Results and Discussion

The anisotropic nature of the contraction/expansion of crys-
tals of BINOL is attested to by the variation in the unit cell 
parameters of the crystal structure over the 300–100 K tem-
perature range. Both the a and b axes, which are constrained 
to be equivalent for a trigonal crystal system, and the c-axis 
are observed to vary linearly with temperature. However, 
where a and b decrease by ca. 0.05 Å with a linear thermal 
expansion coefficient of αL(a, b) = 18.1 ×  10–6  K−1 at 100 K, 
c decreases by ca. 0.25 Å with αL(c) = 112.2 ×  10–6  K−1, 
almost six times what might be considered the norm [1]. 
Over this range the c-axis also goes from being the longest 
to the shortest axis with all three axes being approximately 
equivalent at around 240 K (Fig. 4).

As the helical motif completes a full turn along the length 
of the c-axis, the contraction of c corresponds directly to a 

shortening of the helical pitch of the  31 screw axis. The helix 
in this case is formed of a C(7) hydrogen bonding motif 
[20]. Given this, and that the c-axis is the only direction 
in which classical hydrogen bonds propagate, it might 
be reasonable to suspect that the pronounced contraction 
along this axis can be attributed to a shortening of these 
hydrogen bonding interactions bringing the molecules 
closer together in this direction. Superficially, this could 
indeed be the case; the distance between hydrogen bond 
donor and acceptor decreases from 2.963(3) Å at 300 K to 
2.914(2) Å at 100 K (Table 1). However, by measuring the 
angle of the hydrogen bond vector to the c-axis it is possible 
to calculate the contribution of the hydrogen bond to the 
c-axis. Interestingly, as the general trend in this angle sees 
it become smaller at lower temperature, this contribution 
to c actually increases as the temperature is reduced, from 
0.717(2) Å at 300 K to 0.735(2) Å at 100 K. This change 
may be subtle but it indicates that the structural origins of 
the anisotropy of the contraction are more complicated.

As the lengths of the hydrogen bonds do not fully explain 
the contraction along the c-axis, and indeed provide a some-
what counter-intuitive expansion in terms of their contri-
bution to c, analysis of the conformation may shed some 
light on the mechanism of the contraction. A molecule of 
BINOL exhibits a certain degree of rotational freedom about 
the C1–C1′ bond and therefore there can be some variation 
in the angle between the two naphthyl groups. Depending 

Fig. 3  The asymmetric unit of the structure of (R)-BINOL at 100 K 
with ellipsoids drawn at the 50% probability level. Hydrogen atoms, 
with the exception of those bound to oxygen, have been omitted for 
clarity

Fig. 4  The variation in the lengths of the unit cell axes of (R)-BINOL 
with temperature from 100 to 300 K

Table 1  Hydrogen bond geometry for (R)-BINOL from 100 to 300 K

(K) O1–H1/Å H1‧‧‧O11/Å O1‧‧‧O11/Å O1–H1‧‧‧O1/º

100 0.84(3) 2.13(3) 2.914(2) 154(3)
150 0.84(3) 2.17(3) 2.923(2) 149(3)
200 0.88(3) 2.15(3) 2.935(2) 148(3)
250 0.85(4) 2.18(4) 2.949(2) 150(3)
300 0.87(4) 2.20(4) 2.963(2) 146(4)
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on the orientation of the molecule relative to the c-axis, an 
increase in the angle could correspond to an expansion or 
contraction of this axis. In this case the molecules are orien-
tated in such a way that a decrease in this interplanar angle 
will result in a reduction of the helical pitch of the hydrogen 
bonding motif as this reduced angle will bring O1 and O1′ 
on the same molecule closer together, resulting in a decrease 
in the length of c.

A general trend of decreasing torsion angle 
(C2–C1–C1′–C2′) in the structure of BINOL is observed; 
upon cooling from 300 to 100 K, this angle decreases by ca. 
2° (Fig. 5). The overall result of this subtle change in torsion 
angle about C1–C1′ is that the entire hydrogen-bonded chain 
of molecules contracts in a manner reminiscent of a panto-
graph or scissors mechanism. It is this change in the confor-
mation of the molecule that accounts for the relatively dras-
tic contraction of c relative to that of a and b. Conversely, 
it is the rigidity of the BINOL molecule in the directions 
orientated along a and b that accounts for the lesser degree 
of contraction in these directions.

It is clear from this analysis that the shortening of the 
hydrogen bonds and coincident conformational perturba-
tion of the BINOL molecule is the root cause of the aniso-
tropic contraction in these crystals. However, more subtle 
conformational changes are also evident in the structure 
which can be attributed to less obvious intermolecular inter-
actions whose impact on the conformation becomes more 
pronounced at lower temperature. This can be observed in 
the analysis of the geometry of the naphthyl groups.

Though ideally planar, the naphthyl groups of BINOL 
exhibit slight deviations from planarity which can be 
described in terms of the ‘twist’ and ‘fold’ angles between 
the two six-membered rings that comprise the naphthyl 
moiety. In this analysis the two napthyl groups are referred 
to as NR1, which comprises atoms C1–C10, and NR2, 
comprising atoms C1′–C10′ (Table 2).

As the temperature decreases, a reduction in the fold 
angle for both NR1 and NR2 is observed corresponding to a 
flattening out of the naphthyl groups. This is consistent with 
the change in the C2–C1–C1′–C2′ torsion angle, which also 
represents a move towards a more planar conformation. The 
twist angle of NR1 further reflects this general trend as it too 
decreases very slightly (ca. 0.3°) over the temperature range 
studied. Overall, the root mean squared deviation (RMSD) 
of NR1 decreases from 0.016 Å at 300 K to 0.012 Å at 
100 K.

Bucking this trend towards greater planarity is the twist 
angle of NR2, which increases by nearly 0.5° resulting in 
an overall increase in the RMSD of NR2. This increased 
twisting and the lack of a similar effect in NR1 can be 
rationalised by considering the close contacts involving the 
atoms of the naphthyl groups.

Close contacts other than hydrogen bonds were identi-
fied by using CrystalExplorer to calculate Hirshfeld surfaces 
for the molecule at each temperature [21]. By mapping the 
property  Dnorm onto the surface, contacts that are closer than 
van der Waals interactions appear as red spots (Fig. 6). Four 
such contacts were observed for BINOL, two of which cor-
respond to contacts between atoms of NR1 and those of 
NR1 on an adjacent molecule with the remaining two being 
between carbon atoms on NR1 and hydrogen atoms of NR2 
on an adjacent molecule (Table 3). As these contacts are all 
of the type C–H···D (where D is a carbon atom, heteroatom 

Fig. 5  An overlay of the structure of (R)-BINOL at 100  K (green) 
and 300 K (orange)

Table 2  Selected geometric parameters for (R)-BINOL from 100-300K

(K) C1–C2–C1′-C2′/º Twist/º(NR1) Twist/º(NR2) Fold/º(NR1) Fold/º(NR2) RMSD/Å (NR1) RMSD/Å (NR2)

100 − 76.5(3) 0.68(1) 2.06(1) 1.53(1) 1.91(1) 0.016 0.028
150 − 76.0(3) 0.57(1) 2.22(1) 1.44(1) 1.70(1) 0.015 0.028
200 − 75.4(3) 0.51(1) 2.35(1) 1.30(1) 1.63(1) 0.014 0.029
250 − 74.9(3) 0.44(1) 2.44(1) 1.18(1) 1.62(1) 0.013 0.030
300 − 74.5(3) 0.41(1) 2.49(1) 1.08(1) 1.58(1) 0.012 0.030
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or π-system) they can be characterised as weak hydrogen 
bonds [22]. Each of these interactions contracts by ca. 0.1 Å 
on average upon cooling from 300 to 100 K.

The shortest and most likely strongest of these 
interactions is a C–H···O type interaction observed between 
H5 and O1. The interatomic distance contracts from 2.74(1) 
to 2.65(1) Å over the temperature range studied. The second 
interaction involving two adjacent N1 moieties is an edge-
to-face interaction between the two naphthyl groups. Here, 
H7 appears to point directly into the centre of the C5–C10 
aromatic ring to form a C–H···π interaction with an H···ring 
centroid distance ranging from 2.86(1) to 2.74(1) Å over the 
temperature range studied.

Considering the packing about NR1, these two 
interactions appear to work in tandem to pull opposite 
ends of this naphthyl group in opposite directions as they 
are close in angle to the normal of the NR1 plane. This 
could very well facilitate and stabilise the decrease in the 
C2–C1–C1′–C2′ torsion angle observed upon cooling, which 
is key to the reduction of the helical pitch of the hydrogen 
bonding motif.

There are also two close contacts relating to weak 
hydrogen bonding interactions involving NR2. For both of 

these it is hydrogen atoms on NR2 that act as the donors. 
One is between H4′ and C8 and appears to be directly 
competing with the C–H···π involving H7. Though in 
this case the closest contact is shorter than that for the 
C7–H7···π interaction at all temperatures, C8···H4′ is 
most likely weaker in nature as the C–H···D angle is more 
acute, the drop-off in hydrogen bond strength being more 
pronounced with a smaller angle than with a larger distance 
[23], and the distance from H4′ to the ring centroid greater 
(2.93(1) Å at 100 K). The C7–H7···π interaction is therefore 
able to out-compete C8···H4′ and affect the reduction in the 
C2–C1–C1′–C2′ torsion angle.

The other interaction involving NR2 is between H8′ 
and C7. It is similar in nature to the C8···H4′ interaction. 
Together these two interactions act in opposite directions 
and, as the angle of the interaction vector is closer to the 
plane of the naphthyl group than the plane normal, are most 
likely the root of the twist observed in this moiety.

Conclusions

Measuring the unit cell parameters of a crystal of (R)-BINOL 
and calculating the thermal expansion coefficient revealed 
that they exhibit a significant anisotropic thermal expansion. 
Analysis of the molecular geometry gleaned from structure 
determinations of (R)-BINOL at various temperatures 
revealed that subtle changes in the torsion angle between the 
naphthalene rings and changes in the twisting and folding of 
the fused rings contribute more to the expansion/contraction 
than changes in the hydrogen bond distances. The weak 
interactions that appear to influence these geometric 
changes were identified and rationalised with closer C–H···π 
distances at lower temperatures influencing the conformation 
of the fused rings and overall molecular conformation.

These observations should prove useful in terms of 
crystal engineering as they will inform the development 
of molecular systems incorporating BINOL allowing this 
anisotropic thermal expansion property to be exploited in 
spring-like molecular machines.

In terms of where this study may go in the future, 
extrapolating beyond the data points measured for this 
variable temperature analysis and assuming that the 
contraction along a and b continues to be linear, it is not 
hard to envisage that there may come a point where the 
van der Waals forces in these directions become optimised 
and the only way left for the molecule to move is about the 
C1–C1′ bond. In this scenario, due to the alignment of the 
the BINOL molecule with respect to the [001] direction, 
the molecule should start to spread out in the (001) plane, 
extending the a and b axes and hence the crystal may exhibit 
negative thermal expansion (NTE).

Fig. 6  Hirshfeld surface calculated for a molecule of the crystal struc-
ture of (R)-BINOL at 100 K

Table 3  Selected inter-molecular distances for (R)-BINOL from 100 
to 300 K

(K) O1···H5/Å H7···π/Å C7···H8′/Å C8···H4′/Å

100 2.65(1) 2.74(1) 2.77(1) 2.68(1)
150 2.67(1) 2.77(1) 2.79(1) 2.70(1)
200 2.69(1) 2.79(1) 2.82(1) 2.71(1)
250 2.71(1) 2.82(1) 2.85(1) 2.73(1)
300 2.74(1) 2.86(1) 2.87(1) 2.75(1)
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