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Here we report our investigation of 1-bromo-3,5,7-triphenylada-
mantane (1) and the elucidation of polymorphic crystals (1A
and 1B) using single crystal X-ray diffraction. In the monoclinic
crystal system of 1A (P21/n), we observed CH–π interactions,
while Br···Br interactions are absent. Conversely, the Br···Br
interactions are an apparent factor in the formation of the
monoclinic crystal system of 1B (R�3). We compare our findings
with 1,3,5,7-tetraphenyladamantane (2), characterized by nu-
merous CH–π interactions in the solid. Computational analyses
were employed to investigate the interactions within the
characteristic dimers present in the unit cells of 1A and 1B,
including visualization of noncovalent interactions and the use

of the atoms-in-molecules approach as well as MO analyses.
These support the notion of London dispersion (LD) dimer-
dimer interactions in 1A between the phenyl moieties, whereas
1B exhibits additional dimer-dimer Br···Br contacts. In contrast,
the crystals of 2 are exclusively held together by CH–π stacking
LD interactions, a feature absent in the polymorphs of 1. Both
polymorphic forms of 1 emit white light when subjected to
900 nm continuous wave laser irradiation, displaying a subtle
blue shift compared to 2. The absence of CH–π stacking
interactions between the dimers of 1 causes a small red-shift in
the emission spectrum.

Polymorphs[1] often exhibit different physical and/or chemical
properties that can be important in a number of fields,
including pharmaceutical applications,[2] chemical processes,[3]

and for preparing new materials (e.g., OLEDs).[4] The number of
molecular building blocks available for the crystal engineering
of polymorphs increases at an exponential rate.[5] Understand-
ing polymorphism is critical[6] because small changes in

molecular packing can result in major changes in, e.g., optical
properties,[4c,7] as seen in second harmonic generation (SHG)[8]

and third harmonic generation (THG),[9] photoluminescence,[7a,10]

and two-photon absorption.[11] Consequently, efforts have been
made to control molecular packing for improving properties of
organic crystals via chemical functionalization/modifications by
means of controlling the crystallization process.[12] As an
example, the polymorphism of dipentyl-3,4,9,10-perylendiimide
(PDI) was studied recently, and α- and β-phase polymorphs
were identified. Only the α-phase exhibits strong SHG due to a
non-centrosymmetric unit cell.[13] Polymorphism in substituted
bis(squaraine) dyes was shown for polymorphs with entirely
different packing structures that also led to large variations in
their UV/Vis/NIR absorption properties.[14]

Diamondoid hydrocarbons built only of adamantane repeat-
ing units[15] – ultimately forming diamond –, have recently
demonstrated nonlinear optical (NLO) properties such as direc-
tional white light generation (WLG) and SHG in the solid state
upon continuous wave infrared (CW-IR) laser irradiation.[16] In
one of our recent studies, we demonstrated a remarkable shift
in the nonlinear optical properties of bromophenyl adaman-
tanes, denoted by the general formula AdBrxPh4-x (x=0–4). This
shift, from SHG to WLG, hinged on the specific number of C� Br
bonds present within the molecules. Notably, another interest-
ing possibility emerged during our investigation, namely the
potential transition from a crystalline to an amorphous state,
induced by laser irradiation.[16b,d] This transition hinted at the
possibility of intramolecular structural changes and intermolec-
ular rearrangements within the crystal lattice. We expanded our
investigations beyond prior research, delving into the intricacies
of molecular packing in these compounds. Our specific
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emphasis was on unravelling the complexities of polymorphism
and its impact on nonlinear optical (NLO) properties. An
intriguing revelation emerged during our investigation: 1-
bromo-3,5,7-triphenyladamantane exhibited a remarkable abil-
ity to adopt two distinct crystal structures in the solid state. We
chose to thoroughly re-investigate 2 for comparison due to two
specific reasons:[16a] Firstly, its striking isomorphism with
structures of the general formula XPh4 (X=C, P, Si, Ge, Sn, Pb),
which often display exceptional nonlinear optical properties.[17]

Secondly, as previously reported,[18] 2 stands out for its
numerous CH–π interactions that arrange the molecules into
chains, with both CH (phenyl) and CH2 (adamantane) groups
serving as dispersion energy donors (DEDs).[19]

As mentioned in the introduction, it has been hypothesized
that the differences in properties could be attributed to slight
variations in intermolecular interactions within the crystal
structures. These interactions encompass a wide spectrum,
including but not limited to π–π,[20] Br···Br,[21] Br–π,[22] and CH–
π[23] interactions. Our research aims to delve deeper into
understanding these interactions, providing comprehensive
insights into their roles and significance within the context of
solid-state behavior and nonlinear optical properties, compar-
ing the polymorphs of 1 with 2 as a reference point for our
investigations.

Following the literature protocol, we obtained 1 as a yellow
solid and purified it by sublimation.[24] Crystals of 1 were
prepared using solvothermal processes, slow solvent evapora-
tion, or fast precipitation; we observed the formation of two
polymorphs depending on crystallization technique employed
(Scheme 1; for details see the Experimental Section and the
SI).[25,16d]

The single-crystal X-ray diffraction data reveal that the
crystallization of 1 occurs in two different crystal systems
depending on the method employed. When using vapor
diffusion, it crystallizes in the monoclinic crystal system (P21/n)
and is denoted as 1A. In the crystal structure 1A the axial
lengths vary along the three axes with the following values: a=

14.7346(5) Å, b=14.7346(5) Å, and c=16.5423(6) Å. The angles
between these axes are α=90°, β=90°, and γ=120°. On the
other hand, the liquid/liquid diffusion method yields the
trigonal crystal system (R�3) and is referred to as 1B (as
illustrated in Scheme 1), with the lengths varying along all axes,
and their values are a=13.1782(8) Å, b=10.3658(6) Å, and c=

15.3365(10) Å. The angles between these axes are α=90°, β=

90.641(2)°, and γ=90°. The sublimation of 1 under argon did
not result in crystalline material; instead, a powder formed.[26]

Note that no solvent inclusions were detected in either crystal
form. For comparison 2, which generates white light in the

amorphous state (a-AdPh4) and SHG in the crystalline (c-AdPh4)
state displays a tetragonal space group (P�421c) with two
molecules per unit cell, Z=2. Two of the three axes are equal
(a=12.7632(6) Å, b=12.7632(6) Å, c=7.1485(6) Å; α=β=γ=

90°).On the other hand, sublimation of 2 under reduced
pressure did not give crystalline material.[24a] No polymorphs
were identified upon subjecting this material to a variety of
crystallization techniques (cf. SI for details). To confirm the
absence of polymorphic transitions and to investigate the site
disorder, we conducted solid-state nuclear magnetic resonance
(NMR) experiments. Thus, we performed a thorough analysis of
2 by specifically conducting 13C(1H) cross-polarization magic-
angle-spinning NMR experiments in the solid state (Figure 1)
including a determination of anisotropic chemical shift parame-
ters (Table 1) from an analysis of the spinning sideband pattern.
Our results indicate that all peaks display a sharp line-shape,
with no additional splitting or broadening as expected for static
site disorder. Based on these observations, we conclude that
the site disorder observed in the diffraction experiments is of
dynamic and not static nature. There is no indication of
polymorphism either, which would imply additional unassigned
peaks (Table 1).

Figure 2 shows a characteristic partial packing view of
crystal structures of polymorph 1A. In the crystal structure of
1A the molecular dipole along the C1� Br direction is oppositely
oriented and Br···Br contacts are absent. On the other hand, the
solid-state structure of 1B displays two characteristic dimeric
substructures. The first is virtually identical to the one found in
1A (Figure 2) while the other displays a relatively short Br···Br
distance of 3.617 Å, which is below the sum of the bromine
vdW radii (3.7 Å)[27] and the shortest ever observed in crystals of
bromoadamantane derivatives[28a–i,16d,28j,k] (the values vary from
3.724 to 6.923 Å,[29,21b] see Table S1 in SI). Notably, the Br···Br
contact distance in 1,3,5,7-tetrabromoadamantane (3.724 Å)[28e]

and 1,3,5-tribromo-7-phenyladamantane (3.983 Å)[16d] crystals
are significantly longer. Intermolecular Br···Br distances exceed-
ing 4.00 Å were observed for 2-bromoadamantane (5.035 Å),[30]

2-bromotricyclo[3.3.1.13,7]decane-1-carboxylic acid (4.095 Å),[31]

Scheme 1. Crystallization of 1 and 2 depending on conditions.

Figure 1. Experimental (top) and simulated (bottom) 13C(1H) ramped CP MAS
NMR spectrum of 2 obtained at a spinning frequency of 2.5 kHz; the fit
achieved a mean square deviation of 0.14%.
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1,2,5,6-tetrabromoadamantane (6.530 Å),[28f] and 1,2,3-tribromo-
5,7-dimethyladamantane (6.486 Å).[32]

As the unit cell dimer interactions may affect the NLO
properties of the crystal[33] the characteristic dimeric fragments
of the crystal lattice of 1AD (“D” for dimer) and 1BD, as well as
dimer 2D (Figure 3)[18] for comparison, were studied computa-
tionally utilizing density functional theory (DFT) at the B3LYP-
D3(BJ)/6-31+G(d,p) level of theory.[34]

Geometry optimizations were performed with Gaussian 16,
Revision C.01[35] utilizing the local molecular symmetry observed
in the crystals. All optimized structures have only real vibra-
tional frequencies, confirming their nature as minima on the
potential energy surface. The optimized geometries were then
subjected to natural bond orbital (NBO) analysis[36] at the
B3LYP)/aug-cc-pVTZ//B3LYP-D3(BJ)/6-31+G(d,p) level of theory.
DLPNO-CCSD(T)/cc-pVTZ[37] single point energy computations
on the B3LYP-D3(BJ)/6-31+G(d,p) optimized geometries using
the ORCA program[38] were performed to obtain more reliable
dimerization energies. Bond critical points were localized
utilizing Atom-in-Molecules[39] computations with the AIMALL
program.[40] The S6-point group optimized geometries of 1AD
and 1BD agree well with experiment as the computed key
interatomic distance values differ only within �0.2 Å as
compared to the X-ray data (Figure 4, left).

The nature of the bonding in 1AD and 1BD is clearly
different. While only very weak Br···Br bonding is present in
1BD, 1AD is effectively stabilized by noncovalent interactions
(NCI) between six phenyl moieties. The noncovalent interaction
(NCI)[41] plots (Figure 4, right), displayed as green isosurfaces
accounting predominantly for attractive LD interactions, are
responsible for the bonding in 1AD. This finding is supported
by the shortest H···H contact distances in 1AD (ca. 2.2 Å) that
are below the sum of the hydrogen vdW-radii (2.4 Å). As a
consequence, 1AD is characterized by a large association
energy of 26.8 kcalmol� 1 [DLPNO-CCSD(T)/cc-pVTZ//B3LYP-
D3(BJ)/6-31+G(d,p)] and this substructure is present in both
1A and 1B, while weakly bonded 1BD [the computed
dissociation energy is 2.7 kcalmol� 1 at B3LYP-D3(BJ)/6-31+

G(d,p)] and 0.1 kcalmol� 1 at DLPNO-CCSD(T)/cc-pVTZ//B3LYP-
D3(BJ)/6-31+G(d,p)] is present only in 1B. Note that despite
such a low dissociation energy the AIM analysis indicates a
bond critical point between the bromine atoms in 1BD
(Figure 5).

The shapes of the highest occupied (HOMO) and lowest
unoccupied (LUMO) molecular orbitals of the dimers are shown
in Figure 6. Both 1AD and 1BD HOMOs describe CC bonding in
phenyl groups, but doubly degenerate HOMO of 1BD addition-
ally involves the antibonding between the bromine lone pairs.

Table 1. The experimental 13C chemical shift parameters for the AdPh4 structure (compound 2) extracted by non-linear least square fitting of the 13C(1H) CP
MAS NMR spectrum (Figure 1).

Peak A Peak B Peak C Peak D Peak E Peak F Peak G Peak H Peak I

δiso/ppm 148.9 129.5 128.4 126.4 126.4 123.9 50.6 44.3 38.4

δaniso/ppm � 131 � 117 � 117 � 106 � 127 � 115 –13 � 9 � 9

η 0.29 0.79 0.74 0.73 0.74 0.70 0.73 0.54 0.85

δ11/ppm 233 234 230 218 237 221 64 52 47

δ22/ppm 195 142 143 141 143 141 49 47 39

δ33/ppm 18 12 12 20 � 1 9 39 35 29

Peak area/a.u. 3.9 4.2 4.0 4.2 4.2 4.4 2.2 4.7 4.5

The isotropic chemical shift δiso, the anisotropic chemical shift δaniso, and the asymmetry parameter η are shown; while the eigenvalues δ11, δ22, δ33 of the
aromatic peaks carry errors of a few ppm, the errors of the atoms in the adamantane cage are bigger because fewer spinning side-bands were available in
the experimental line shape. Errors by a non-isotropic excitation profile of the cross-polarization experiment were neglected.

Figure 2. Partial packing view of crystal structures of polymorphs 1A and
1B. Displacement ellipsoids drawn at the 50% probability level. Hydrogen
atoms are omitted for clarity.
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In contrast, the LUMOs of 1AD and 1BD differ in nature as the
LUMO of 1AD describes the CC antibonding in the phenyl
moieties, whereas the intermolecular Br···Br bonding dominates
in the LUMO of 1BD. While the HOMO-LUMO energy separation
in 1AD and 1BD are similar (ca. 6 eV (Table 2)) intermolecular

binding in the 1BD dimer should facilitate electron transfer
within the 1B crystal lattice via the Br···Br bridge if the LUMO is
involved.

From this viewpoint, the structure of 2D is instructive
because, although the HOMO-LUMO gap is similar to 1D the
packing mode in 2 is clearly different and arises from local
molecular symmetries of 1 and 2: While the C3-axial symmetry

Figure 3. Partial packing view of crystal structures of 2 to represent 2D.
Displacement ellipsoids drawn at the 50% probability level. Hydrogen atoms
are omitted for clarity.

Figure 4. Left: B3LYP-D3(BJ)/6-31+G(d,p) optimized structures of 1AD and
1BD, re-optimized starting from the polymorphs 1A and 1B (key interatomic
distances in Å, experimental values in italics). Right: Noncovalent attraction
isosurfaces (NCI); the green areas indicate van-der-Waals interactions, in
particular LD.

Figure 5. Bond critical points (in green) in 1BD based on AIM computations
using the B3LYP-D3(BJ)/6-31+G(d,p) optimized structure (ring critical points
are omitted for clarity).

Figure 6. The shapes and symmetries of the HOMOs and LUMOs of 1AD and
1BD computed at the B3LYP/aug-cc-pVTZ//B3LYP-D3(BJ)/6-31+G(d,p) level
of theory (cf. Table 1).
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of 1 allows the formation of LD-stabilized dimers involving all
phenyl moieties (like in 1AD) only a C2-axis is present in 2
(overall point group S4). This determines the packing in the
crystal whilst retaining the local dimer symmetry in the unit cell
(Figure 6).

Remarkably, the dimeric unit cell of 2D is almost perfectly
constructed as the shortest observed H···H-contact is close to
the optimal hydrogen vdW distance (2.4 Å), with the adaman-
tane cages and phenyl groups both being involved in LD
interactions. Strong LD attraction between the constituents can
be seen from the NCI plots of 2D (Figure 7, right) and this
parallels its high association energy of 20.4 kcalmol� 1 at

DLPNO-CCSD(T)/cc-pVTZ//B3LYP-D3(BJ)/6-31+G(d,p), which,
however, is smaller than that of slightly polar 1AD. This is in
accord with the number of interacting phenyl groups in 1AD
and 2D (four and six, respectively). The S4 symmetry of 2D
allows almost perfect CH–π LD stacking interactions between
the dimers within the crystal cell with formation of linear
aggregates. Such a packing motif is a key factor,[42] which may
determine the optical properties of 2 in the crystalline form.
This clearly is not the case for 1A and 1B, where CH–π stacking
interactions between the dimers are not observed in the crystal
unit cell.

We calculated the crystallite (grain) size of 1A, 1B, and 2
using PXRD data (Figure 8) by determining the average crystal
size through the full width at half maximum (FWHM) and
Scherrer’s equation.[43] In our case, these calculations suggested
nm-sized crystals falling within the range of 28–50 nm (1A), 26–
45 nm (1B), and 5–37 nm (2). Secondly, we notice – and this is
a key condition for WLG – that the polymorphs do show slightly
different PXRD patterns: While the signal positions are virtually
identical, the relative peak intensities differ noticeably.

Finally, we delved into the nonlinear optical properties of
1A, 1B, and 2. We employed a continuous-wave diode laser
with a central wavelength of 900 nm for excitation. To ensure
precision, the samples were maintained under high-vacuum
conditions during laser irradiation.

Compounds 1A and 1B produced WLG starting at 491 nm
(2.52 eV) upon 900 nm continuous wave laser irradiation at
728 mW, as shown in the photopic spectra in Figure 9a. When
the laser power was reduced to 630 mW, no WLG was observed.
Notably, the emission displayed a small but noticeable blue
shift when comparing 1A and 1B to 2. Specifically, 1A
exhibited a difference of 8 nm, while 1B showed a difference of

Table 2. The frontier orbitals characteristicsa of 1AD, 1BD, and 2D.

Structure ΔEHL (eV)a PGb SGbc HOMO LUMO

1AD 5.89 S6 P21/n au ag

1BD 5.86 S6
R3
¼ eg ag

2D 5.85 S4 P�421c e b

[a]HOMO-LUMO energy separation at B3LYP/aug-cc-pVTZ//B3LYP-D3(BJ)/6-
31+G(d,p). [b]PG=Point group [c]SG=Space group.

Figure 7. Left: B3LYP-D3(BJ)/6-31+G(d,p) optimized structure of 2D (key
interatomic distances in Å, X-ray crystal structure analysis values in italics).
Right: The NCI isosurfaces in 2D.

Figure 8. Powder X-ray diffraction patterns of 1A, 1B, and 2.

Figure 9. Photopic white-light spectra of (a) 1A, 1B, and 2. All spectra were
obtained upon irradiation with a 980 nm laser at a power output of 728 mW.
(b) Color points in the CIE 1931 chromaticity diagram shows yellowish-red.
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14 nm when compared to 2. This change in emission may be
attributed to the absence of inter-dimer CH–π interactions in
both 1A and 1B. Most importantly, the WLG emissions for the
polymorphs are different, even in their partially amorphized
state.

To provide a better visualization of the white-light color
impression, the emitted spectrum is shown as it is perceived by
the human eye under photopic vision (converted under use of
the 1931 CIE photopic luminosity function) (Figure 9b). In this
depiction, it becomes clear that the emitted spectrum covers
the whole visible range and peaks at �580 nm in radiometric
representation, the emission of all samples rises monotonously
toward the yellowish-red part of the spectrum. Thus, the
emitted light is warm-white.

In summary, our study focuses on the polymorphism of 1-
bromo-3,5,7-triphenyladamantane (1) in comparison with
1,3,5,7-tetraphenyladamantane (2), with specific emphasis on
their nonlinear optical properties. Employing a variety of
crystallization techniques, we successfully obtained two distinct
polymorphs of 1, namely the monoclinic form (1A) and the
trigonal form (1B). In the crystal structure of 1A, the primary
forces governing molecular assembly are LD attractions,
particularly between the phenyl moieties within dimer 1AD. We
uncovered the dimer 1BD substructure in polymorph 1B,
characterized by faint but discernible Br···Br contacts. In
contrast, the crystals of 2 are mostly stabilized by CH–π LD
stacking interactions, not only within the dimers but also
throughout the linear aggregates in the unit cell – a feature
absent in the polymorphs of 1. These differences in intermo-
lecular interactions likely contribute to the observed variations
in nonlinear optical properties between these compounds.

Experimental Section
All the reagents were obtained from commercial suppliers and
used without further purification. The flask was flushed under argon
and well stoppered.

Crystallization of 1-bromo-3,5,7-triphenyladamantane (1A):
Standard air-exclusive techniques were utilized to prepare a
solution containing the 1 (25 mg) in DCM. These techniques
encompassed the use of dry solvents, evacuation, and inert gas
refilling in the first flask before use. Hexane was then added to the
second Schlenk flask and allowed to diffuse into the first flask
through a U-junction adapter. After a week, a crystal suitable for X-
ray diffraction analysis was successfully obtained.

Crystallization of 1-bromo-3,5,7-triphenyladamantane (1B): 1 was
dissolved in DCM, serving as the first solvent in the Schlenk flask‘s
bottom layer. Hexane, the second solvent, was added cautiously
and gradually atop the first solvent to ensure a clear and distinct
liquid-liquid boundary. This gradual solvent diffusion, led to a
progressive decrease in solubility and, ideally, the growth of high-
quality crystals. It took approximately one week to obtain a crystal
of the polymorph 1B suitable for X-ray diffraction analysis.

Solid State NMR: 13C(1H) ramped Cross Polarization Magic Angle
Spinning (CP MAS) solid state experiments were performed at
14.1 T on a Bruker Avance Neo spectrometer with a commercial
3.2 mm MAS probehead at a frequency of 600.2 for 1H and
150.9 MHz for 13C, respectively. The 1H resonance of 1% TMS in

CDCl3 served as an external secondary reference using the Ξ values
for 13C as reported by IUPAC.[44] The 13C(1H) ramped CP MAS NMR
was acquired at a low spinning frequency of 2.5 kHz. The contact
time used was 1000 μs and the TPPM-15[45] sequence was used at a
decoupling power of 82 kHz for 1H decoupling. For deconvolution
and fitting of spectra, the program deconv2Dxy[46] and SIMPSON
package (version simpson-4.2.3)[47] were used. The isotropic chem-
ical shift δiso, the anisotropic chemical shift δaniso and the asymmetry
parameter η were extracted using the SIMPSON package in
combination with home written fitting packages and follow the
definitions as specified in the original simpson article.[47b]

Measurement of the Nonlinear Optical Response: For excitation a
CW Solid-state Laser-diode (Roithner RTLMDL-980-1W) with a
wavelength of 980 nm was used. Measurements were performed
with a maximum power of 728 mW at the sample position. The
excitation laser was attenuated with various reflective neutral
density filters. The samples were placed in a small vacuum cell
equipped with glass windows and kept at a pressure below
10� 1 mbar. The vacuum cell was situated under a custom build
confocal microscope with a 4x objective (Olympus RMS4X). The
light from the sample was separated from the laser with a dichroic
mirror (Thorlabs DMLP900R) and focussed onto the face of an
optical fiber leading to the spectrometer using a silver-coated off-
axis parabolic mirror. A dielectric short pass filter (Thorlabs
FESH900) was placed in front of the fiber, to further attenuate the
fundamental laser line. The light was then detected using a
miniature spectrometer with integrated grating (OceanOptics
USB650, 350–1000 nm).

Powder X-Ray Diffraction: Powder X-ray diffraction data for 1A
and 1B were collected on a STOE STADI P equipped with a Dectris
Mythen 1 K detector in Debye-Scherrer geometry. All data were
collected using Cu� Kα radiation with wavelength 1.54178 Å.

Crystallographic data: The details of the X-ray analyses are
described in the Supporting Information. Deposition Numbers
2252951 (for 1A), and 2252952 (for 1B) contain the supplementary
crystallographic data for this paper. These data are provided free of
charge by the joint Cambridge Crystallographic Data Centre.

Supporting Information

All details regarding experimental and crystal structures are
provided in the Supporting Information. The original spectro-
scopic and additional data have been deposited at https://doi.
org/10.22029/jlupub-18425
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