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Ina recentpaper (Couzi et al.2018R.Soc. open sci.5, 180058. (doi:10.

1098/rsos.180058)), we proposed a newphenomenologicalmodel

to account for the I↔II↔“III” phase sequence in incommensurate

n-alkane/urea inclusion compounds, which represents an

alternative interpretation to that proposed in work of Toudic

et al. In a Comment (Toudic et al. 2019 R. Soc. open sci. 6, 182073.

(doi:10.1098/rsos.182073)), Toudic et al. have questioned our

assignment of the superspace group of phase II of

n-nonadecane/urea, which they have previously assigned,

based on a (3 + 2)-dimensional superspace, as C2221(00γ)(10δ). In

this Reply, we present new results from a comprehensive

synchrotron single-crystal X-ray diffraction study of

n-nonadecane/urea, involving measurements as a detailed

function of temperature across the I↔II↔“III” phase transition

sequence. Our results demonstrate conclusively that “main

reflections” (h, k, l, 0) with h+k odd are observed in phase II of

© 2019 The Authors. Published by the Royal Society under the terms of the Creative

Commons Attribution License http://creativecommons.org/licenses/by/4.0/, which permits

unrestricted use, provided the original author and source are credited.



n-nonadecane/urea (including temperatures in phase II that are just below the transition from phase I

to phase II), in full support of our assignment of the (3+1)-dimensional superspace group P212121(00γ)

to phase II. As our phenomenological model is based on phase II and phase “III” of this

incommensurate material having the same (3+1)-dimensional superspace group P212121(00γ), it

follows that the new X-ray diffraction results are in full support of our phenomenological model.

Our recently published paper [1] proposed a new phenomenological model, based on symmetry

considerations and developed in the frame of a pseudospin-phonon coupling mechanism, to account for

the mechanisms responsible for the I↔ II↔ ‘III’ phase sequence in the incommensurate n-hexadecane/

urea and n-nonadecane/urea inclusion compounds. This model is an alternative interpretation to that

proposed by Toudic et al. in the work cited in their Comment [2].

Focusingon the case ofn-nonadecane/urea, themodel thatwedeveloped [1] is basedon theuse of (3 + 1)-

dimensional superspace group descriptions for this incommensurate material, specifically P6122(00γ) in

phase I and P212121(00γ) in both phase II and phase ‘III’. By contrast, the work of Toudic et al. is based on

the use of (3 + 2)-dimensional superspace groups for phases II and ‘III’. Indeed, since a paper published in

2011 [3], Toudic and co-workers have discussed the I↔ II↔ ‘III’ phase sequences in n-nonadecane/urea

extensively on this basis, assigning the (3 + 2)-dimensional superspace groups as C2221(00γ)(10δ) for phase

II and P212121(00γ)(00δ) for phase ‘III’. However, as discussed previously [4], the two misfit parameters (γ

and δ) for n-nonadecane/urea invoked in the (3 + 2)-dimensional superspace group description of

Toudic et al. are actually related by δ = –2 + 5γ. This relationship between the two misfit parameters

suggests that phases II and ‘III’ are more appropriately described by (3 + 1)-dimensional

superspace groups as the minimal basis (with a single misfit parameter γ). In addition, our new

phenomenological model [1] demonstrates that the thermal anomaly observed at the II↔ ‘III’

phase transition may be attributed to a ‘crossover’ between two competing order parameters

within the same phase II, described by superspace group P212121(00γ), without involving any

symmetry breaking to a new phase ‘III’.

Similarly, in the case of n-hexadecane/urea, Toudic et al. [5] describe phase ‘III’ of this material using

a (3 + 2)-dimensional superspace group. However, it has also been shown [4] in this case that the two

misfit parameters (γ and δ) are related by a simple relationship (δ = 2 – 4γ), which again allows the

symmetry properties to be described by a (3 + 1)-dimensional superspace group.

In their Comment [2], Toudic et al. focus on one point, specifically the claim that our previously published

[4] single-crystal X-ray diffraction study on n-nonadecane/urea ‘cannot be used to discuss the sequence of

phases in this compound’ because of the contention that the reported data at 147 K are too close in

temperature to the so-called II↔ ‘III’ transition, from which they suggest that our data from phase II are

actually from phase ‘III’. As Toudic et al. [2] suggest that our data reported previously [4] for phase II were

(in their words) ‘on the wrong phase’, they make the further claim that our ‘phenomenological description

of the phase behaviour in n-nonadecane/urea is contrary to reliable experimental measurements’. In this

Reply, we respond to the issues raised in the Comment of Toudic et al. [2].

The phase transition temperatures inn-nonadecane/urea have been reported previously [6] from thermal

analysis techniques. Fromadiabatic calorimetry, the temperature of the I↔ II phase transition is (158.8 ± 0.1)K

and the temperature of the II↔ ‘III’ phase transition is (147.0 ± 0.1) K. Fromdifferential scanning calorimetry

(DSC) data recorded on cooling at 10 K min–1, the corresponding temperatures are reported [6] to be (157 ± 1)

K and (140 ± 1) K, respectively. In our previous single-crystal X-ray diffraction study of n-nonadecane/urea

[4], the temperature (147 K) for study in phase II was selected on the basis of the reported phase transition

temperatures from DSC data [6], as this temperature is close to the centre of the range representing phase

II. However, the phase transition temperatures determined [6] from adiabatic calorimetry actually

represent a more reliable indication of the phase transition temperatures in the context of the cooling

schedule used in the single-crystal X-ray diffraction study. As the temperature of the II↔ ‘III’ phase

transition established from adiabatic calorimetry is (147.0 ± 0.1) K and as our reported single-crystal X-ray

diffraction study for phase II was carried out at 147 K [4], there is uncertainty (depending, for example, on

the accuracy of temperature control in the experimental measurement and on the reliability of the data on

phase transition temperatures reported in [6]) whether the sample was actually in phase II or phase ‘III’

during the measurement at 147 K. This is the specific point that Toudic et al. have focused upon in their

recent Comment [2]. In addition, Toudic et al. published an earlier Comment [7] on our previous X-ray

diffraction study [4], in which they focused on exactly the same point as in their new Comment [2].
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Instead of publishing a reply to their earlier Comment [7], we felt that the most satisfactory approach to

address the issue would be to undertake a new and more comprehensive synchrotron single-crystal X-ray

diffraction study, involving measurements of X-ray diffraction data for n-nonadecane/urea as a detailed

function of temperature across the temperature range encompassing the I↔ II↔ ‘III’ phase transitions, in

particular allowing clarification of the structural properties of phase II and phase ‘III’. The results of our

new study, which are in preparation for publication as a full paper [8], confirm the existence of ‘main

reflections’ (h, k, l, 0) with h + k odd in phase II and in phase ‘III’, and are in full support of the structural

conclusions reported in our earlier paper [4] concerning the assignment of the same (3 + 1)-dimensional

superspace group P212121(00γ) to phase II and phase ‘III’ of n-nonadecane/urea. Importantly, our new

results confirm that such reflections are observed at temperatures in phase II that are just below the phase

transition from phase I to phase II, and therefore indisputably in phase II. Our new results are therefore in

full support of our phenomenological model reported in [1]. However, given the uncertainty of whether

the measurement of data at 147 K in our earlier paper [4] actually represented phase II or phase ‘III’, we

accept that our previous statement [1] that ‘it has been shown that both phases II and ‘III’ belong to the

same superspace group P212121(00γ)’ (with [4] cited as evidence in support of this statement) was

misleading, as it was not supported by the published evidence at that time. Nevertheless, we emphasize

that any model is based on certain underlying assumptions, and one assumption in the case of our

phenomenological model developed in [1] was that phase II and phase ‘III’ have the same superspace

group P212121(00γ). Clearly this assumption, while not proven by published work at the time of

publication of [1], is now supported by the new data presented here.

Our new synchrotron single-crystal X-ray diffraction study, carried out on beamline I19 at Diamond

Light Source, involved the measurement of full data collections (following the data collection method

described previously [4]) for a single crystal of n-nonadecane/urea (dimensions: 110 × 40 × 60 µm3) at

several temperatures on cooling in the following sequence: 300 K, 163 K to 145 K in increments of 2 K,

and 145 K to 125 K in increments of 5 K. From 163 K to 125 K, cooling of the crystal between data

collections was carried out at a rate of 1 K min–1, and each new data collection was commenced only

when the temperature was stable to within ±0.1 K of the target temperature. Importantly, by recording

the single-crystal X-ray diffraction data at small (ΔT = 2 K) temperature increments in the vicinity of

the phase transition from phase I to phase II (and then at the same small temperature increments

throughout phase II), the occurrence of the phase transition is verified by observing the change from

hexagonal to orthorhombic symmetry in the X-ray diffraction data, rather than relying on the absolute

value of the measured temperature alone. This protocol gives certainty in the measurement of X-ray

diffraction data at temperatures that are indisputably in phase II (i.e. temperatures that are only a few

K below the temperature at which the X-ray diffraction data indicate the occurrence of the phase

transition from phase I to phase II).

From the measured X-ray diffraction data, reconstructed precession images were generated for

several regions of reciprocal space of interest, and we focus here on the (3, k, l ) slice of reciprocal

space as a function of temperature as it contains the (3, –2, l ) and (3, 2, l ) lines that were the focus of

the discussion in our previous paper [4].

The X-ray diffraction data recorded at 300 K, 163 K and 161 K were indexed as hexagonal, indicating

that the crystal is in phase I at these temperatures. The (3, k, l ) slice of reciprocal space at 161 K is shown

in figure 1 (here the indices are specified relative to the orthohexagonal description of the hexagonal

phase I in order to facilitate comparison to the results for phase II discussed below). We emphasize

that, in figure 1, no diffraction maxima are observed for even values of k (corresponding to h + k odd)

due to the C-centring of the hexagonal phase I when indexed using the orthohexagonal setting.

The X-ray diffraction data recorded at 159 K provide the first hint of the occurrence of the phase

transition from phase I to phase II, with the data indexed as orthorhombic and with the appearance

of some weak scattering along lines (h, k, l ) in reciprocal space with h + k odd, as evident from the

(3, 2, l ) and (3, –2, l ) lines in the (3, k, l ) slice shown in figure 2.

To discuss in more detail the structural behaviour of phase II, we focus on the data recorded at 157 K,

for which the (3, k, l ) slice of reciprocal space is shown in figure 3. First of all, we emphasize that our

measurement at 157 K indisputably represents phase II, as the measurement temperature (157 K) was

only 4 K below a temperature (161 K) at which the material was clearly still in phase I, as discussed

above. As the reported [6] temperature interval of phase II is 11.8 K (i.e. phase II exists across a

temperature range of 11.8 K below the phase transition from phase I to phase II), our measurement at

157 K is therefore indisputably in phase II. Focusing on the (3, 2, l ) and (3, –2, l ) lines in figure 3, it is

very clear that ‘main reflections’ are observed on these lines with indexing, in (3 + 1)-dimensional

superspace (h, k, l, m), corresponding to l = integer and m = 0. Prominent examples of such reflections
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are (3, –2, 3, 0), (3, –2, 1, 0), (3, –2, 0, 0), (3, –2, –1, 0) and (3, –2, –3, 0) on the (3, –2, l ) line, and (3, 2, 3, 0),

(3, 2, 1, 0), (3, 2, 0, 0), (3, 2, –1, 0) and (3, 2, –3, 0) on the (3, 2, l ) line. These observations are contradictory

to the assertion of Toudic et al. that ‘main reflections’ (h, k, l, 0) with h + k odd are absent in phase II.

Our data recorded at 155 K [which is also clearly in phase II as this temperature is only 6 K below a

temperature (161 K) at which the sample was still in phase I] are also fully consistent with our conclusion

that ‘main reflections’ of the type (h, k, l, 0) with h + k odd are observed in phase II. At 155 K, data

collections were carried out for two different attenuations of the incident beam, and the data shown in

figure 4 were recorded at lower attenuation (representing an incident beam of higher intensity) than the

data shown in figures 1–3. Figure 5 shows a zoomed view of the (3, –2, l ) line at 155 K, from which it is

incontrovertibly clear that the ‘main reflections’ indexed as (3, –2, 1, 0), (3, –2, 0, 0) and (3, –2, –1, 0) in the

(3 + 1)-dimensional superspace are present in phase II. The horizontal blue lines in figure 5 confirm that

l = 0

l = –1

l = –3

l = 1

l = 3

l = –2

l = 2

k = 1 k = 3k = –1k = –3

k = 2k = 0k = –2

Figure 2. The (3, k, l ) slice of reciprocal space recorded at 159 K, showing evidence for weak scattering in the (3, 2, l ) and

(3, –2, l ) lines.

l = 0

l = –1

l = –3

l = 1

l = 3

l = –2

l = 2

k = 1 k = 3k = –1k = –3

k = 2k = 0k = –2

Figure 1. The (3, k, l ) slice of reciprocal space recorded at 161 K ( phase I).
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these ‘main reflections’ on the (3, –2, l ) line (with h + kodd) have the same exact integer values of l (withm = 0)

as the ‘main reflections’ on the (3, –1, l ) line (with h + k even), which is also shown. We note that the other

reflections observed along the (3, –2, l ) line are ‘satellite reflections’ (3, –2, l, m) with m≠ 0, and the

indexing (l, m) of these ‘satellite reflections’ corresponds to the indexing given in fig. 2a of [4].

l = 0

l = –1

l = –3

l = 1

l = 3

l = –2

l = 2

k = 1 k = 3k = –1k = –3

k = 2k = 0k = –2

Figure 4. The (3, k, l ) slice of reciprocal space recorded for phase II at 155 K, showing clearly the presence of reflections in the (3, 2, l )

and (3, –2, l ) lines (which have h + k odd). As at 157 K (figure 3), ‘main reflections’ are clearly observed on these lines with indexing, in

(3 + 1)-dimensional superspace (h, k, l,m), corresponding to l = integer andm = 0, together with ‘satellite reflections’ corresponding to

m≠ 0. The region within the orange rectangle is expanded in figure 5.

l = 0

l = –1

l = –3

l = 1

l = 3

l = –2

l = 2

k = 1 k = 3k = –1k = –3

k = 2k = 0k = –2

Figure 3. The (3, k, l ) slice of reciprocal space recorded for phase II at 157 K, showing clearly the presence of reflections in the (3, 2,

l ) and (3, –2, l ) lines for the orthorhombic phase II. Importantly, ‘main reflections’ are observed on these lines with indexing, in

(3 + 1)-dimensional superspace (h, k, l, m), corresponding to l = integer and m = 0. The other reflections observed on the (3, 2, l )

and (3, –2, l ) lines are ‘satellite reflections’ with m ≠ 0. The horizontal blue lines are added to verify that the ‘main reflections’ on

the (3, 2, l ) and (3, –2, l ) lines (which have h + k odd) occur at exactly the same integer values of l (with m = 0) as the ‘main

reflections’ on the (3, 3, l ), (3, 1, l ), (3, –1, l ) and (3, –3, l ) lines (which have h + k even).
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Whilewe have focused here on the (3, k, l ) slice of reciprocal space, further evidence that ‘main reflections’

of the type (h, k, l, 0) with h + k odd are observed in phase II is seen inmany other regions of reciprocal space,

and a more comprehensive discussion will be presented in a subsequent full paper [8].

Our new data also confirm that ‘main reflections’ of the type (h, k, l, 0) with h + k odd are observed at

153 K and at all lower temperatures studied (down to 125 K), which includes temperatures

corresponding to phase ‘III’. The presence of such reflections in phase ‘III’ was also reported in our

previous paper [4] (fig. 3a of [4]) and is in agreement with the interpretations of phase ‘III’ of Toudic

et al. (although, as noted above, Toudic et al. describe phase ‘III’ using a (3 + 2)-dimensional

superspace, while it has been shown [4] that a (3 + 1)-dimensional superspace description is sufficient

as the minimal basis).

In conclusion, from our new synchrotron single-crystal X-ray diffraction data, it is indisputable that

‘main reflections’ (h, k, l, 0) with h + k odd are observed in phase II of n-nonadecane/urea, which is in full

support of our assignment of the (3 + 1)-dimensional superspace group P212121(00γ) to phase II. As our

phenomenological model [1] for rationalization of the phase transitions in this incommensurate material

is based on phase II and phase ‘III’ having the same (3 + 1)-dimensional superspace group P212121(00γ), it

follows that the results from our new X-ray diffraction study are in full support of our phenomenological

model [1], which represents a valid basis for understanding the phase transition mechanisms in

incommensurate n-alkane/urea inclusion compounds.

Finally, we emphasize that an important question is now to understand the reasons underlying the

differences between the experimental diffraction data, and the corresponding structural conclusions,

for n-nonadecane/urea reported in the work of Toudic et al. (see fig. 2b of [3]) and in our own work

(as shown by the data reported here and in our future full paper [8]), particularly concerning the

structural interpretation of phase II.
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l = 0

l = –1

l = 1

k = –2 k = –1

Figure 5. Zoomed region of the (3, k, l ) slice of reciprocal space recorded for phase II at 155 K (from the same data as figure 4),

verifying that, on the (3, –2, l ) line, ‘main reflections’ (h, k, l, m) with l = integer and m = 0 corresponding to (3, –2, 1, 0),

(3, –2, 0, 0) and (3, –2, –1, 0) are observed, and occur at exactly the same integer values of l as the ‘main reflections’ on the

(3, –1, l ) line.
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