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ABSTRACT 

Phase transitions of 1-fluoro-adamantane have been thoroughly investigated by temperature-

resolved second harmonic generation (TR-SHG) and X-ray powder diffraction (XRPD). A new 

polymorph --- an intermediate centrosymmetric phase (MT) --- between the known 

orientationally disordered high temperature phase (HT, F  ̅ , Z=4) and low temperature phase 

(LT, P ̅   , Z=2) was unveiled by TR-SHG. The crystal structure of MT was resolved by XRPD 

in the P    mc (Z=2) space group and it is related to the LT phase in a group-subgroup relation. 

No evidence of any solid-solid transition between these two phases by differential scanning 

calorimetry (DSC) or cold-stage microscope could be obtained. Therefore, combing TR-SHG, 

XRPD, DSC and cold-stage microscope results, a second-order transition mechanism is proposed 

for MT LT transition.            h                    (β)  f                 w              by 

fitting TR-SHG data to a critical   w     w. Th   b       β       (0.26)              h        

from XRPD data (0.25). 

 

INTRODUCTION 

Diamondoids formed by carbon cages have received a great interest, in particular, for building up 

organic crystals with large cavities and specific physical and chemical properties
1–5

. The simplest 

diamondoid, adamantane and its derivatives exhibit an orientationally disordered (OD) phase 

(plastic phase) and show rich polymorphic transitions upon temperature or pressure changes
6–11

. 

1-Fluoro-adamantane (1-F-A hereafter, Figure 1) is one of the 1-substituted adamantane and, up 
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to date, two polymorphs have been revealed: one OD phase at high temperature (HT) and a less 

disordered low temperature phase (LT).  

 

Figure 1. Molecular structure of 1-fluoro-adamantane (1-F-A). 

The phase transition HT   LT was first detected by differential scanning calorimetry (DSC) at 

222K (upon heating) with an enthalpy of 1.5 kJ/mol.
12

 Later, N. T. Kawai et al
13

 reported the 

transition occurs at 227K with an enthalpy of 1.7 kJ/mol upon cooling and at 231K with an 

enthalpy of 1.6 kJ/mol upon heating. The transition displays a hysteresis which indicates a first-

order behavior in the Ehrenfest classification.
14

 HT phase has been widely studied by thermal 

analysis
12

, X-ray diffraction
15

, NMR
8
, single-crystal Raman scattering

16
, dielectric analysis

17
, 

and incoherent quasi-elastic neutron scattering
18

. The structure of the HT phase was determined 

as face-centered cubic (F  ̅ ) by single-crystal X-ray diffraction
15

 and by X-ray powder 

diffraction (XRPD)
19

. However, less was known about the LT phase before the recent 

publication by Ben Hassine et. al
19

, in which reported the resolution of the crystal structure of LT 

phase at 100K by XRPD in the tetragonal non-centrosymmetric P ̅    space group (Z=2) - 

CCDC number 1455093
19

. The variation of cell parameters and cell volume of 1-F-A was also 

monitored by temperature-resolved XRPD from 90K to 360K and a sole discontinuity of the 

lattice parameters across the HT   LT transition was observed. Based on these results, it was 

presumed in the work of Ben Hassine et al.
19

 that only two polymorphs exist and, consequently, 

that the structure of 1-F-A could be resolved in the P ̅    space group from 90K until the phase 
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transition towards the HT phase. As the LT polymorph is still disordered (as assessed by NMR 

and BDS
8,19

), 1-F-A is a perfect candidate to go deeper into the study of molecular motions in the 

solid states and across polymorphic transitions. 

In this mater, Temperature-Resolved Second Harmonic Generation (TR-SHG) can be used to 

gather valuable information. SHG (Second Harmonic Generation) refers to an optical process in 

which an electromagnetic wave gives rise to a new wave at half the initial wavelength while 

traveling through a non-centrosymmetric material.
20–25

 The variation of the second harmonic 

(SH) signal versus temperature can be obtained by TR-SHG. Vogt
26,27

 detailed that the 

temperature dependence of higher-rank tensors describing SHG are related to variations of long- 

and short-range order. Moreover, Dougherty and Kurtz
21

 mentioned that dynamic disorder 

possibly couples with local polarization fluctuations and then can induce modification in the SH 

signal. These make TR-SHG a useful tool to detect phase transitions and polymorphs for systems 

involving symmetry changes in crystalline structures and molecular motions in non-

centrosymmetric crystalline phases. TR-SHG has already been applied to monitor transitions 

between monotropically or enantiotropically related solid phases
28–31

, to track ferroelectric-

paraelectric phase transitions
32,33

 and order-disorder phase transitions
27,34,35

 with as a required 

condition that at least one non-centrosymmetric crystalline structure is involved
20,21,36–39

.  

In 1-F-A, the HT phase is centrosymmetric and consequently generates no SH signal. The LT 

phase resolved in a non-centrosymmetric space group generates a SH signal. Thus, the phase 

transition between the HT phase and the LT phase can be studied by TR-SHG. Through a careful 

investigation of phase transitions in 1-F-A (especially at low temperatures) by the synergistic 

approach of combing TR-SHG and XRPD, not only a new polymorph was ascertained in this 

work but also the knowledge on the mechanism of ordered-disordered transitions was improved. 
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EXPERIMENTAL SECTION 

Materials. 1-Fluoro-adamantane (CAS registry number: 768-92-3) was purchased from ABCR 

in Germany (98.3% purity, 1.7% impurity of 1-adamantanol). Crystals used in this work were 

purified by recrystallization from methanol (HPLC grade), the average crystal size was 200   . 

The purity was checked by GC-MS (higher than 99.9%). See SI-1: (a) the purification procedure 

of commercial 1-F-A and (b) the purity checking process by GC-MS.  

Methods 

Temperature-Resolved Second Harmonic Generation (TR-SHG). The non-linear optical 

method has been introduced in our previous papers
28,34,40–43

. 50 mg powder sample was placed in 

a computer controlled thermal stage (Linkam THMS-600) The sample was scanned at 1 K/min 

between 100K and 293K. The number and the duration of the TR-SHG analyses were chosen to 

ensure the best stability of the laser beam and the best stability of the compound under the laser 

irradiation. Therefore, the points on the TR-SHG curve were recorded every 2K and each point 

corresponds to the average value of the SH signal recorded over 3 s (the temperature variation 

during the recording is 0.05K). For each SH signal versus temperature plot, the SH data were 

normalized using the maximum SH intensity, which was obtained by fitting the SH curve of the 

raw values.  

The SH intensity generated by a given sample depends on numerous parameters (molecular 

nature, quality of the long-range order, i.e. the crystallinity, crystal structures, size and 

orientation of the crystals)
20,21

. Therefore, in order to get reproducible results, we ensured that 

the laser irradiates the same area of the sample (40 mm
2
) all along the experiments. The standard 
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deviation on SH signal was estimated to c.a. 3%, which is mainly due to energy fluctuations of 

the laser beams. 

Differential Scanning Calorimetry (DSC). Thermal analyses were conducted in a Netzsch 204 

F1 DSC apparatus equipped with liquid nitrogen as the coolant. Both the temperature and the 

enthalpy changes of the calorimeter were calibrated by using the phase transition of cyclohexane 

and mercury. Samples with a mass of ca. 8 mg (with a maximum deviation of 0.05 mg) were 

sealed in a 25    aluminum crucible. Thermograms were obtained at a scanning rate of 1 K/min. 

The atmosphere during the measurements was regulated by a nitrogen flux (40 mL/min). Data 

treatment was performed with Netzsch-TA Proteus V4.8.4 software. 

Cold-Stage Microscope. Samples were loaded into an amorphous quartz crucible and set in a 

THMS-600 temperature stage setup (Linkam, the same as that used in TR-SHG method). Liquid 

nitrogen was used as the coolant and the nitrogen flux was regulated via an automatic pump. The 

setup was coupled with a Nikon Eclipse LV100 microscope and connected to a computer for 

image captures by a CCD camera. 

Note that the temperature accuracy of the Linkam at low temperatures was checked. The melting 

points of O-xylene (249K) and tetrahydrofuran (165K) in HPLC grade were observed by cold-

stage microscope. Different heating/cooling rates were used (0.5 K/min, 1 K/min, 2 K/min, 4 

K/min and 5 K/min) and compared with DSC results. The temperature difference between cold-

stage microscope and DSC was observed to be lower than 1K.  

Curve Fitting. Data were fitted to specific expressions by application of the Levenberg-

Marquardt (least-squares method) algorithm using the program Origin 10
®
. 
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X-ray Powder Diffraction (XRPD). X-ray powder diffraction data were collected by means of 

a horizontally mounted INEL cylindrical position-sensitive detector (CPS 120) to pursuit a 

careful structure determination from the HT to LT phases. The detector constituted by 4096 

channels was used in Debye-Scherrer geometry. External calibration using the Na2Ca2Al2F14 

(NAC) cubic phase mixed with silver behenate was performed by means of cubic spline fittings 

providing an angular step of 0.029
o
 (2 ) between 4

o
 and 120

o
. Monochromatic Cu     radiation 

(  =1.5406 Å) was selected with an asymmetric focusing incident-beam curved quartz 

monochromator. The samples were introduced into 0.5 mm-diameter Lindemann capillaries 

which were rotated perpendicular to the X-ray beam direction in order to decrease as much as 

possible the effects of preferred orientations. Temperature was controlled with an accuracy of 

0.1K by means of a liquid nitrogen 600 series cryostream cooler from Oxford Cryosystems. 

RESULTS AND DISCUSSION 

Characterization of 1-F-A phase transitions by DSC. A single detectable thermal event was 

observed by DSC between 120K and 300K for a heating rate of 1K/min (Figure 2). Upon 

cooling, the onset temperature is 226.0 0.3K with an enthalpy of 1.9 0.1 kJ/mol. Upon heating, 

a hysteresis is observed, with an onset temperature at 231.0 0.2K and an enthalpy of 1.8 0.1 

kJ/mol. This thermal event obviously corresponds to a first-order phase transition. These values 

are consistent with previously reported values from literature
12,13,19

. Note that the use of a higher 

heating rate (5K/min) led to a similar result (see SI-2). 
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Figure 2.  DSC measuring curves obtained for the phase transitions of 1-F-A. Black line, upon cooling (1 

K/min); red line, upon heating (1 K/min). 

TR-SHG measurements. It is first necessary to mention that in the present case, the intensity of 

the measured SH signal can be generated only by the non-centrosymmetric crystalline LT phase 

of 1-F-A. Based on S. K. Kurtz and T. T. Perry
20

, SH intensity can be considered proportional to 

the mass fraction (or molar fraction) of the LT phase.  

The thermal evolution of 1-F-A was monitored by TR-SHG through tracking the SH signal 

generated by the LT phase versus temperature (Figure 3). 

Apparently, the sample exhibiting a positive SH signal at 100K, which proves the structure is 

non-centrosymmetric at this low temperature and confirms the reliability of the XRPD crystal 

structure determination.
19
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Figure 3. TR-SHG curves obtained for the phase transition of 1-F-A. Black square, upon cooling (1 K/min); 

red spot, upon heating (1 K/min). The signal appears/disappears at 178K and increases with lowering the 

temperature down to 100K.  

Surprisingly, the SH signal was observed to appear only at 178K (upon cooling) while the 

transition temperature was detected at 226K by DSC (black curve in Figure 2). The temperature 

difference is 48K. Obviously, this difference is too large to be caused by the thermal gradient 

between the sample and the heating plate. Possible reasons for this phenomenon were 

investigated. Firstly, we supposed that the SH signal generated by 1-F-A between 178K and 

226K could have fallen under the detection threshold. Even though the detection threshold of our 

TR-SHG apparatus can be considered as good (evaluated at circa 1/100 compared to the SH 

intensity of quartz standard- 45   ), the sample was annealed at 213K, a temperature between 
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178K and 226K in order to obtain a better crystallization of the sample (i.e. to possibly enhance 

the SH signal). After 10 hours, no SH signal was detected (see SI-3), which strongly suggests 

that no LT phase crystallized in the range of 178K and 226K. Secondly, it was supposed that the 

transition kinetics might be low and the thermodynamic equilibrium was not reached in this 

temperature range. So, the sample was annealed at 167K to possibly reach the thermodynamic 

equilibrium. Nevertheless, after 10 hours, no variation of the SH signal was observed, indicating 

that the maximum amount of LT phase was already reached under the conditions used for the 

TR-SHG experiments (see SI-4).  

Finally, these results led us to envisage that 1-F-A exhibit an intermediate phase between HT and 

LT phases in the temperature range of 178K to 226K. In the following, this intermediate phase is 

referred to as MT (for medium temperature). Since no SH signal was detected between 178K and 

226K, MT phase probably exhibits a centrosymmetric crystalline structure (confidence higher 

than 99%
36

).  

Another interesting result is that no hysteresis was observed for the SH signal upon heating and 

cooling. That is to say, the SH intensity profile is thus completely reversible (i.e. thermal cycles 

after cycles or after stopping and restarting the heating/cooling process). Consequently, a second-

order transition between MT   LT can be suspected, complementary with the following 

observations:  

(i) no detectable enthalpy change detected by DSC around 178K;  

(ii) no transition front propagation observed by cold-stage microscope (see SI-5); 

(iii) no change of the cell volume at the presumed transition temperature (178K) in the work 

of Ben Hassine et al.
19

.  
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A thorough reinvestigation of the structures resolved from XRPD at various low temperatures 

confirmed this hypothesis as described in the following. 

Crystal structure of MT phase determined from XRPD. When cooling down from HT phase 

to LT phase, single crystals break and thus powder diffraction is the only way to determine the 

structure of the low-temperature phases. Therefore, powder X-ray patterns obtained at 90K and 

190K were submitted to a Rietveld refinement
44

, with the same rigid-body constraints that 

depicted in the work of Ben Hassine et al.
19

. A single overall isotropic displacement parameter 

and preferred orientation by using the Rietveld-Toraya function were refined. The final refined 

patterns together with the experimental and refined pattern differences are shown in Figure 4. 

The Rietveld refinement converged for LT phase and MT phase to a final Rwp value of 6.60% 

and 6.32%, respectively. The determined crystallographic data of both phases are summarized in 

Table 1.  

A crystal structure validation by Platon
45

 was performed on the two resolved space groups. For 

the LT crystal structure at 90K, Platon results showed that no space group change is needed. 

While, if the MT phase is resolved in the space group of LT phase (at 190K), missed or 

additional symmetry are reported and Platon suggested the space group of P    mc. These 

results proved that the resolution of the space group in MT and LT phase are robust.   
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Figure 4. Experimental (red circles) and Rietveld refined (black line) diffraction patterns along with the 

difference profile (blue line) and Bragg reflections (vertical black sticks) of (a) LT phase at 90K; (b) MT phase 

at 190K. The insets show the high-angle portion of each pattern (scaled to enhance their visibility). 

 

Table 1. Crystallographic data determined for the MT phase and LT phase. 

 
MT phase LT phase 

Temperature (K) 190 90 

Crystal system Tetragonal Tetragonal 

Space group P       P ̅    

a=b (Å) 6.8145 (5) 6.7696 (4) 

c (Å) 8.9232 (9) 8.8211 (9) 

Z 2 2 

Volume (Å
3
) 414.37 (7) 404.25 (6) 

Density (g/cm
3
) 1.236 1.267 

 

Mechanism of MT ↔ LT phase transition. The presumed second-order phase transition of MT 

↔  T     b  confirmed and interpreted microscopically by means of analysis of thermal induced 
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structural changes. The structure of the LT phase is shown in Figure 5 (a). The angle ( ) defined 

between C-F bond of the four equilibrium positions for the statistical-disordered fluorine atoms 

(i.e., the molecular dipole direction) with the a (or b) tetragonal axis is ca. 6.8
o
 at 90K. Increasing 

the temperature such angle continuously decreases and at ca. 180K it vanishes and remains null 

till the phase transition to the HT phase. Such changes provide two new mirror planes 

perpendicular to the a and b tetragonal axes. Thus, the non-centrosymmetric space group P ̅    

(Z=2) transforms to the centrosymmetric space group P       (Z=2), gives rise to the so-called 

MT phase, which represents a group-subgroup transition. In addition, lattice parameters as well 

as volume as a function of temperature do not show any discontinuity (see SI-6). Therefore, the 

group-subgroup relation, the continuity of the lattice parameters and volume through the LT to 

the MT phase transition are in agreement with the continuity of the dynamic properties across 

this second-order phase transition
19

. 

Figure 5 (b) depicts a structural projection of MT phase along c plane at 190K. It is worth noting 

that the fractional occupancy of 1/4 of the fluorine atoms remains unchanged across the group-

subgroup transition ( T ↔  T). Therefore, it is probable that the phase transition does not 

change the type of molecular reorientation and that the dynamics and frequency of molecular 

motions in the solid state are not (or slightly) modified at the transition temperature (178K). This 

could be an explanation of why this group-subgroup transition was not highlighted by other 

techniques such as BDS or solid-state NMR
8,19

.  
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Figure 5. Crystal structure of 1-F-A: (a) LT phase (P ̅   , Z=2) at 90K and (b) MT phase (P      , Z=2) at 

190K. The fractional occupancy of 1/4 of the fluorine atoms (blue) remains unchanged across the MT   LT 

transition. 

To summarize, at 178K, a second-order transition from MT to LT phase starts by a tilt of the 

angle  , as a consequence, an immediate change in the crystal structure. Then this angle   

increases continuously with decreasing temperature but the crystal structure remains in the LT 

phase. The above explanations fit well with the TR-SHG results. In Figure 3, the SH signal 

increases continuously from 178K to 100K. Because SHG is intrinsically related to the crystal 

structure and molecular fluctuations
36

, it suggests that each SH signal corresponds to a LT form 

in which 1-F-A molecules are tilted at a certain angle (e.g.        at 90K) by thermal 

agitation.  

Variation of the order parameter with temperature. Order parameter   describes the extent of 

order or disorder in a material. It is equal to unity in the perfectly ordered state and zero in the 

completely disordered state
46

.  
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TR-SHG was used to track the variation of the order parameter   (according to the Landau 

theory) versus temperature and to determine the critical exponent   characteristic of this 

variation. 

The temperature dependence of the SH intensity can be expressed as
47

: 

      ( )  ( 
( )( )) [

  ( )

  
 ( )  ( )

 
    ( ( ))

( ( )) 
]                     (1) 

where l is the thickness of the crystals,    and    are the indices of refraction for   =1.064    

(fundamental beam) and   =0.532    (second harmonic beam), respectively.  ( )  is the non-

linear susceptibility tensor, and   
  

   
 with the coherence length    

  

 |     |
. 

The term within brackets in equation (1) is generally responsible for a sin-square modulation 

(     ) of the SH intensity for single crystals. Considering that for powders, the orientations of 

the crystals are random (averaging over all crystallographic directions) and the particle size 

(mean value circa 200    in the present study) is likely to exceed the coherence length
20

, this 

modulation term can be neglected. Thus, in the following we assume that the SH intensity is 

proportional to ( ( ) ( )) .  ( )( ) is a third rank tensor with 27 coefficients but the number of 

independent coefficient can be reduced to 3 in the crystal class  ̅   by symmetry 

considerations. Moreover, assuming Kleinman conditions
48

 are valid (no dispersion and 

absorption), the number of independent coefficient of the susceptibility tensor can be reduced to 

only one (     in the current case) and  ( )( )  can be expressed as (in the contracted 

notation)
49,50

: 
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    ] 

Taking into account the previous simplifications,     ( )  can be considered proportional to 

    
 ( ), where      is the effective coefficient of the nonlinear susceptibility. In the present case, 

     is proportional to d14 coefficient (using Voigt's convention)
51

. 

Moreover, d14 has already been shown to be a linear function of the order parameter     
35,36

 in 

single crystals. In the present study, measurements are performed on powder samples with 

random crystallographic orientations but that does not modify the fact that  ( )( ) depends only 

on one coefficient. Therefore, we can assume that the SH signal variations will be the same in all 

crystallographic directions. Hence, the square root of the SH intensity can be taken as an order 

parameter: 

√    ( )       ( )                     (2) 

The evolution of the order parameter   with temperature can be described by a simple critical 

power law derived from Landau theory
35,52

:  

                           (  
 

  
)
 

                                          (3) 

where, A is a pre-factor,    is the transition temperature and   is the critical exponent. 

Based on the equation (2) and (3),    and   values can be extracted from SHG results using: 

        √    ( )    (  
 

  
)
 

                              (4) 
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The fitting procedure performed from equation (4)           and   as free parametersreturns 

upon cooling a   value of 0.255  0.008 with             K. Upon heating,   is 0.263  

0.008 with   =179.1 0.3K (Figure 6). The experimental transition temperature (  : 178K-180K) 

is thus consistent with the temperature determined by the fitting.  

Order parameter   can also be obtained from XRPD by recording   (the angle between the 

molecular dipole C-F bond and the crystallographic a axis) versus temperature (see Figure 6). 

The XRPD data is fitted according to the power-law (equation (4)), in which A corresponds to 

 (    ) and gives rise to   =0.250       and              . It should be noticed here that 

the lowest temperature at which the structure was solved was 90K, close to the temperature 

(92K) at which reorientational motions are characterized by a relaxation time of the order of 

100s
19

. Below such temperature, reorientational motions are frozen, according to the previous 

dynamic study
19

 and thus, the LT phase becomes a low-dimensional glass
53–55

. It is obvious that 

such a LT phase cannot be the stable phase at 0K (the frozen disorder would confer a non-zero 

entropy) and the true stable phase remains at present elusive. Despite such a thermodynamic 

evidence, for both TR-SHG and  angle data from XRPD, we have assumed a continuous 

variation with temperature below 90K and renormalization was performed under the hypothesis 

that order-parameter equals to unity at 0K. Under such assumptions, Figure 6 clearly shows that 

both TR-SHG and  angle from XRPD describe the second-order transition. 
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Figure 6. Order parameters determined from normalized values of the TR-SHG data and angle  between the 

C-F bond and a (or b) crystallographic axis from XRPD. Black line corresponds to the fit of equation (4) for 

the TR-SHG data on cooling (  is 0.255       with              ). Red line corresponds to the fit on 

heating (  is 0.263       with              ). The blue line corresponds to the fit of XRPD data (  is 

0.250       with              ). 

CONCLUSIONS 

Phase transitions of 1-F-A was thoroughly investigated by using TR-SHG and XRPD. The 

combination of both techniques unveiled a new phase with a stability domain between 178K and 

231K. A second-order transition occurs at 178K between the LT phase (  ̅   ) and the 

intermediate temperature phase (MT,        ), which arises from a continuous tilt of the 

molecules by thermal agitation. A first-order transition occurs at 231K between the MT phase 

and the high temperature cubic phase HT (   ̅ ). Moreover, variation of the order parameter 
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versus temperature for the second-order transition was monitored by TR-SHG and XRPD, results 

are in good agreement to support the proposed second-order transition mechanism.  

In this work, the hint of a second-order phase transition might arouse certain debate as in the 

literature, for several compounds, second-order transitions finally turned out to be first order 

transitions
56,57

. For instance, the undetectable thermal signature of theses transitions might be 

interpreted as inconsistent with thermodynamics. In fact, the structure differences between LT 

and MT phases are very subtle and the phase transition arises from a slight tilt of the 1-F-A 

molecule. Neither lattice parameters nor volume show discontinuity at the transition temperature 

(178K). Consequently, transition between both phases should be difficult even impossible to be 

detected by usual DSC measurements. Measurement of heat capacity (Cp) at low temperature 

might give some indications of the MT   LT transition. So, further study of this second-order 

transition combining other techniques could be suitable. For example, X-ray absorption near 

edge structure (XANES) might provide certain information about the change of the local 

symmetry. Finally, this work underlines that the study of polymorphs and phase transitions 

should be carried out carefully. The combination of TR-SHG and XRPD seems a suitable tool to 

monitor subtle symmetry changes when non-centrosymmetric structures are involved, such as, in 

diamondoids. In light of the present study, a thorough reinvestigation of phase transitions in 

adamantane derivatives could be envisaged.  
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