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Crystals of phase II K2Cr2O7, potassium dichromate, space

group P1, grown from aqueous solution undergo a ®rst-order

transition to phase I, space group reportedly P21/n, at a phase-

transition temperature, TPT, of 544 (2) K on ®rst heating; the

corresponding transition on cooling is at 502 (2) K. The

endotherm on subsequent heatings occurs reproducibly at

TPT = 531 (2) K. Mass loss between ca 531 and 544 K,

identi®ed as included water, is rapid and continues more

slowly to higher temperatures for a total loss of ca 0.20%. The

higher TPT on ®rst heating is associated with the increasing

pressure of superheated water occupying inclusion defects.

The latent diagonal glide plane in phase II allows the structure

of phase I to be inferred. The triclinic structure at 296 K has

been independently redetermined. Normal probability

analysis shows high consistency between the resulting and

previous atomic coordinates, but with uncertainties reduced

by a factor of ca 2. The earlier uncertainties are systematically

underestimated by a comparable factor. The structure of

phase IIb, space group A2/a on transposing axes, was

determined at ca 300 K by Krivovichev et al. [Acta Cryst.

(2000), C56, 629±630]. The ®rst-order transition between

phases I and II arises from the ca 60� relative rotation of

terminal O atoms in each tetrahedron as the n glide plane is

gained or lost. A transition between phases IIb and I, also of

®rst order, is likely but not between phases II and IIb. An

intermediate phase may exist between phases IIb and I.
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1. Introduction

The prediction that K2HCr2AsO10 is a new ferroelectric with

Tc ' 560 K (Abrahams, 2003), based on the atomic coordi-

nates determined by Averbuch-Pouchot et al. (1978), led to its

preparation, calorimetry and dielectric measurement. The

initial growth of K2HCr2AsO10 crystals from the reaction

between K2Cr2O7 and As2O5�xH2O with x ' 3 was usually

followed by the subsequent formation of triclinic phase II (see

Appendix A for the IUCr phase nomenclature) of K2Cr2O7,

the preparation of which was ®rst reported by Mitscherlich

(1830). Groth (1908) showed that phase II could be grown

either from aqueous solution or from the melt; he determined

the morphology and noted that crystals grown from the melt

crumble to a powder at 513 K. Shubnikov (1912, 1931)

reported a difference in growth on the (001) and �001� faces of

triclinic phase II crystals, for which a mechanism has been

presented by Silber et al. (1999).

Numerous subsequent investigations into the properties of

polymorphic K2Cr2O7 have been summarized by Klement &

Schwab (1960), who also measured the lattice constants of

monoclinic phase (I) at 573 K and determined its space group

as P21/n, see Table 1.



Kuz'min et al. (1967, 1969) ®rst reported the structure

determination of triclinic phase (II), lopezite, in space group

P1, followed by Brandon & Brown (1968) and later by

Brunton (1973). The Raman and IR spectra of phase II were

measured by Mathur et al. (1968) and the space group

con®rmed by Carter & Bricker (1969). Jaffray & Labary

(1956) observed an endotherm in `pure' II-K2Cr2O7 at TPT =

542 (2) K and an exotherm at 513 K; after melting, the

endotherm was noted at 528 (2) K, the exotherm remaining

unchanged at 513 K on cooling. The phase-transition entropy

change in K2Cr2O7 at 528 (2) K was given by Klement &

Schwab (1960) as ca 5 J molÿ1 Kÿ1. Hess & Eysel (1989)

reported the phase transition at TPT = 526 K to be of ®rst

order, with the entropy change �S = 2.85 J molÿ1 Kÿ1. They

labelled the monoclinic phase I as �, the triclinic phase II as �
and gave the change in unit-cell volume �VIÿII = {[V(phase I)

ÿ V(phase II)]/V(phase I, phase II)av} ' 0.015 at TPT.

Zhukova & Pinsker (1964) used electron diffraction to

determine the space group of the monoclinic phase (IIb)

formed at ca 300 K by slow crystallization from dilute aqueous

solution on a collodion support. The unit-cell dimensions

reported do not differ signi®cantly from those in Table 1,1 but

the actual space group was not recognized. Krivovichev et al.

(2000) prepared phase IIb at temperatures close to ambient,

labelled it � and determined its structure; Krivovichev &

Burns (2003) also grew this phase from a reaction between

K2CrO4 and (UO2)(NO3)2(H2O)6. A transition at ca 325 K

from the monoclinic phase (i.e. IIb) was proposed by Kozlova

et al. (1978) on the basis of an IR study. A detailed morpho-

logical study of triclinic K2Cr2O7, presented by Stedehouder &

Terpstra (1930), noted the reversed order of the a and b axes

in phases II and IIb.

Transitions between phases I and II, I and IIb, and II and

IIb are investigated structurally in the present report together

with a calorimetric and thermogravimetric study of the tran-

sition between phases II and I. The term IIb designates a

phase with some stability in a thermal range overlapping that

of phase II and a transition path to phase I that differs from

the path between phases II and I. Recent reports of a new

`chiral' phase (Suda & Matsushita, 2004) are consistent with

the model presented for this system. The structure of stable

phase II has been redetermined in duplicate as a contribution

to the study of statistical descriptors and analysis in crystal-

lography, cf. Schwarzenbach et al. (1989). The results are

compared quantitatively with those of earlier determinations

and are used in the phase transition investigations.

2. Experimental

2.1. Sample preparation and crystal growth

Stoichiometric quantities of crystalline K2Cr2O7 and

As2O5�xH2O, with 99.9% purity and x ' 3 from Sigma±

Aldrich, were dissolved in H2O (2:1:100 mol), in a variant of

the method of Averbuch-Pouchot et al. (1978) in preparing

K2HCr2AsO10, see x1. The resulting solution was heated to

boiling for several minutes, then allowed to cool to room

temperature. Two crops of strongly reddish-orange2 crystals

commonly formed. The ®rst exhibited hexagonal morphology,

with X-ray powder patterns corresponding to K2HCr2AsO10,

the second formed rather equidimensional crystals of low

symmetry over a period of ca 6 days. Several crystals from two

second-growth batches were examined diffractometrically and

identi®ed by X-ray powder diffraction as II-K2Cr2O7. All had

unit-cell dimensions with a ' 7.38, b ' 7.46, c ' 13.40 AÊ , � '
96.2, � ' 98.1 and 
 ' 90.9� in space group P1. A crystal from

each second growth batch was selected for study, see Table 2.

Phase IIb-K2Cr2O7 was prepared (Krivovichev et al., 2000;

Kir'yanova, 2004) by cooling saturated aqueous solutions of

K2CrO4 and K2Cr2O7 at 300.8 K, with K2O:CrO3:H2O =

19.17:20.67:60.16 wt %, to 283±288 K at a rate of 3±6 K minÿ1;

the crystals formed are reported as stable in excess of 1 year at

room temperature.

2.2. Solubility

The solubility of II-K2Cr2O7 at 298 K is 128 (3) g lÿ1. Values

in the literature include 49 g lÿ1 at 273 K and 1020 g lÿ1 at

373 K (Weast et al., 1988). An exponential ®t gives the result in

Fig. 1. The initial formation of K2HCr2AsO10 crystals with a

solubility at 298 K of 205 (5) g lÿ1, followed by the later

growth of less soluble K2Cr2O7 crystals, is attributed to the

depletion of the K2Cr2O7 concentration by the reaction with

As2O5�xH2O.

2.3. Diffraction data

Diffraction data from two crystals of K2Cr2O7 phase II were

collected at 296(2) K with a Nonius CAD-4 serial diffract-
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Table 1
Unit-cell dimensions in K2Cr2O7 phase I, transposed phase IIb and phase II.

Transposed phase IIb: from abcKrivovichev et al. (2000) to cb�c in a transposed cell.

Phase a (AÊ ) b (AÊ ) c (AÊ ) � (�) � (�) 
 (�) Space group

I 7.55² 7.52 13.45 90 91.68 90 P21/n
IIb 7.4672 (10) 7.3750 (10) 13.0339 (17) 90 88.077 (2) 90 A2/a
II 7.3837 (8) 7.4622 (6) 13.3949 (12) 96.204 (7) 98.046 (8) 90.943 (8) P1

² At 573 K; dimensional uncertainties not given by Klement & Schwab (1960).

1 For a unit cell with a = 7.47 (1), b = 7.35 (2), c = 12.94 (2) AÊ and � =
91.92 (17)�.

2 ISCC-NBS Color (Supplement to NBS Circular 553). The complete list of
terms with RGB values is given at http://swiss.csail.mit.edu/~jaffer/Color/nbs-
iscc-rgb.txt and also http://tx4.us/nbs-iscc.htm.



ometer in the !ÿ2� mode. The intensities of three control

re¯ections showed no signi®cant variation. Other experi-

mental details are given in Table 2.

2.4. Structural redetermination of II-K2Cr2O7

The structure was solved by the use of a SIR92 E-map

(Altomare et al., 1994). Empirical absorption corrections were

applied using DIFABS (Walker & Stuart, 1983), based on the

structure as re®ned with isotropic displacement parameters.

Corrections based on azimuthal scans did not lead to a

signi®cant reduction in residuals or standard uncertainties

(s.u.s) and analytical corrections were

precluded by the irregular crystal

form. We have found the results of

corrections made with DIFABS for �
< 5 mmÿ1 are comparable with those

made analytically, a conclusion

supported by the minor residual

systematic error in atomic coordinates

detected in x4.3 The structure solution

from each data set was independent

of any in the literature; each was

con®rmed by the examination of the

Patterson function. Re®ned site-

occupancy factors did not differ

signi®cantly from unity for either

crystal. The ®nal value of a Zachar-

iasen-type (1967) secondary extinc-

tion parameter was 1.27 (12) � 10ÿ6

for crystal 1, 3.6 (2) � 10ÿ7 for crystal

2, see also Table 2 and x3.1. All

calculations used the TeXsan

program suite (Molecular Structure

Corporation, 1997).

3. Structure of phases II-K2Cr2O7,
IIb-K2Cr2O7 and I-K2Cr2O7

3.1. Phase II

The structure of II-K2Cr2O7, the

most common stable phase at room

temperature, contains four indepen-

dent CrO4 tetrahedra per unit cell,

pairs of which share common O4 or

O11 atoms resulting in two sets of

independent Cr2O2ÿ
7 ions, see Figs. 2

and 3 (Dowty, 2003), and also the

coordinates in Table S1.4 The aver-

aged dCrÐOshared = 1.784 (7) AÊ is

signi®cantly much longer than the

three terminal dCrÐO in each tetra-

hedron, i.e. hdCrÐOiterminal =

1.612 (7) AÊ . The bridging angles are

� Cr1ÐO4ÐCr2 = 127.1 (3) and

� Cr3ÐO11ÐCr4 = 124.1 (2)�. The

four independent K atoms are coor-

dinated by 7±10 nearest O atoms. Selected interatomic

distances are presented in Table 3.

3.2. Phase IIb

The unit cell of IIb-K2Cr2O7 (Krivovichev et al., 2000)

contains a single independent CrO4 tetrahedron, pairs of
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Table 2
Experimental details.

Crystal 1 Crystal 2

Crystal data
Chemical formula K2Cr2O7 K2Cr2O7

Mr 294.18 294.18
Cell setting, space group Triclinic, P�1 Triclinic, P�1
a, b, c (AÊ ) 7.3807 (9), 7.4593 (11),

13.3910 (16)
7.3837 (8), 7.4622 (6), 13.3949 (12)

�, �, 
 (�) 96.205 (11), 98.033 (10), 90.914
(12)

96.204 (7), 98.046 (8), 90.943 (8)

V (AÊ 3) 725.37 (16) 726.12 (12)
Z 4 4
Dx (Mg mÿ3) 2.694 2.691
Radiation type Mo K� Mo K�
No. of re¯ections for

cell parameters
25 25

� range (�) 14.0±15.0 14.0±14.7
� (mmÿ1) 4.13 4.13
Temperature (K) 296 296
Crystal form, color Block, strongly reddish-orange Block, strongly reddish-orange
Crystal size (mm) 0.27 � 0.20 � 0.14 0.25 � 0.20 � 0.15

Data collection
Diffractometer Nonius CAD-4 serial Nonius CAD-4 serial
Data collection method !±2� !±2�
Absorption correction Part of the re®nement model

(�F)
Part of the re®nement model

(�F)
Tmin 0.382 0.386
Tmax 0.560 0.538

No. of measured, independent
and observed re¯ections

4533, 4227, 4096 2759, 2544, 2253

Criterion for observed
re¯ections

I > 1.00�(I) I > 1.00�(I)

Rint 0.011 0.020
�max (�) 30.0 25.0
Range of h, k, l 0) h) 10 0) h) 8

ÿ10) k) 10 ÿ8) k) 8
ÿ18) l) 18 ÿ15) l) 15

No. and frequency of
standard re¯ections

3 every 300 re¯ections 3 every 300 re¯ections

Re®nement
Re®nement on F2 F2

R[F2 > 2�(F2)], wR(F2), S 0.025, 0.040, 1.74 0.029, 0.042, 1.95
No. of re¯ections 4227 2544
No. of parameters 200 200
H-atom treatment No H atoms present No H atoms present
Weighting scheme w = 4F2

o /[�2(I) + (0.025I)2] w = 4F2
o /[�2(I) + (0.020I)2]

(�/�)max 0.020 0.008
��max, ��min (e AÊ ÿ3) 0.49, ÿ0.40 0.61, ÿ0.45
Extinction method Zachariasen (1967) Zachariasen (1967)
Extinction coef®cient 1.27 � 10ÿ6 3.6 � 10ÿ7

Computer programs used: CAD-4/PC (Enraf±Nonius, 1993), TeXsan (Molecular Structure Corporation, 1997).

3 See discussion in http://www.chem.gla.ac.uk/~louis/software/wingx/
absorb.html.
4 Supplementary data for this paper are available from the IUCr electronic
archives (Reference: BK0147). Services for accessing these data are described
at the back of the journal.



which share a common O3 atom on the twofold axis to form

Cr2O2ÿ
7 ions with the bridging angle � CrÐO3ÐCr =

123.3 (1)�, see Figs. 4 and 5, and also Table S1 of the supple-

mentary material. The K atom has nine nearest O atoms

within the limit dKÐO � 3.5 AÊ . The transposed unit-cell

dimensions in space group A2/a are given in Table 1.

3.3. Phase I

The unit-cell dimensions of monoclinic phase I at 573 K are

comparable to those of phases II and IIb, see Table 1. The

structure of phase I has not yet been determined experimen-

tally, but may be reconstructed from the latent glide plane

discernible in phase II, see Figs. 2 and 3, and also Table S1,

assuming pairs of atoms related by the n glide plane in phase I

undergo equal but opposite displacements at the transition.

Phase I is derived from phase II rather than phase IIb to

eliminate bias caused by the possible existence of an inter-

mediate phase between IIb and I, see x6.3. The pairs of atoms

that are pseudosymmetrically related in phase II are K1 and

K3, K2 and K4, Cr1 and Cr4, Cr2 and Cr3, and also O1±O7

and O12, O14, O13, O11, O8, O10, O9, respectively. All O

atoms are labelled in Fig. S1 of the supplementary material.

The coordinates of a given atom in phase I are taken as the

average of those resulting from the application of the n glide

plane to one member of an atomic pair and the original

coordinates of the other member, see Table 4. The loss of the n

glide plane on cooling through TPT is accompanied by a

relative rotation of ca 60� about the OsharedÐCrÐ axis by the

terminal O atoms; the onset barrier to rotation is probably

related to the ®rst-order phase transition, see x6.2. The

resulting structure is presented in Figs. 6 and 7, with an

uncertainty in atomic positions estimated as ca 0.1 AÊ .

Orientational differences between averaged tetrahedra in

phase II cause dimensional distortions in the inferred posi-

tions of the tetrahedra in phase I, with h dCrÐOi = 1.47 AÊ in

Cr1O4, 1.48 AÊ in Cr2O4, for the three terminal bonds and

dCrÐO(shared) = 1.61, 1.58 AÊ . All d values based on Table 4

have an uncertainty of ca 0.17 AÊ and are 0.15 AÊ less than those

determined in phases II and Ib, with the intertetrahedral angle

� Cr1ÐO4ÐCr2 = 138� about 12� larger, cf. x3.4.
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Figure 2
Structure of II-K2Cr2O7 viewed along the a axis with the c axis horizontal.

Figure 1
Solubility of K2Cr2O7 between 273 and 373 K.

Figure 3
Structure of II-K2Cr2O7 viewed along the b axis with the c axis horizontal.

Figure 4
Structure of IIb-K2Cr2O7 viewed along the a axis with the c axis
horizontal.



3.4. Bond lengths and valence

The weighted mean over all terminal distances in

Table 5 is hdCrÐOi = 1.62 (3) AÊ , including those in

isolated ions such as K4(CrO4)(NO3)2 (Kolitsch,

2002) and C4H12N2(CrO4) (Srinivasam et al., 2003),

and in the di-, tri- and tetrachromates. The corre-

sponding bridging h dCrÐOi is 1.76 (3) AÊ , excluding

the length for Na2Cr2(AsO4)3 in Table 5, in agree-

ment with the values in II-K2Cr2O7.

The bond-valence (b.v.) sums (Brown & Altermatt,

1985) for each atom in II-K2Cr2O7, based on the

determination of crystal 1, are 5.89±5.95 (4) for Cr;

1.09±1.31 (3) for K; 2.16, 2.18 (2) for bridging CrÐ

OÐCr atoms O(4), O(11) and 1.89±2.05 (2) for the

remaining O atoms. The uncertainties in b.v. may be

underestimated.5 The agreement with expectation is

satisfactory for Cr, although it may be in¯uenced by

the inclusion of earlier K2Cr2O7 results in the deri-

vation of the value of r0 for Cr6+ and O2ÿ.

The corresponding b.v. sums in IIb-K2Cr2O7, based

on the determination by Krivovichev et al. (2000), are

5.88 for Cr, 1.16 for K, 2.06 for the bridging O3 atom

and 1.90±2.00 for the remaining O atoms, in good agreement

with the results for phase II. The large uncertainties in the

predicted bond lengths of phase I preclude the derivation of

useful b.v. values.

4. Comparison of present and previous II-K2Cr2O7

structure determinations

A plot of the ordered experimental quantiles Qexp = |�i(1) ÿ
�i(2)|/{�2[�i(1)] + �2[�i(2)]}1/2;, where �i(1) and �i(2) are the ith

parameters from the ®rst and second independent determi-

nations, and �(�i(1) and �(�i(2) the corresponding standard

uncertainties (s.u.s) in each parameter, against the corre-

sponding normal quantiles Qnorm, allows quantitative

comparison of the results (Abrahams & Keve, 1971). The

Qnorm magnitudes are conveniently calculated by the program

NORMPA (Ross, 2003). Crystal structure determinations of

II-K2Cr2O7 have been reported by Kuz'min et al. (1967, 1969),

Brandon & Brown (1968) and Brunton (1973). The atomic

coordinates of Kuz'min and co-workers are without s.u.s,

hence the resulting Qexp cannot be evaluated nor normal

probability analysis applied. Atomic coordinates from the

other two studies and those in x3 on crystals 1 and 2 are

compared in the following six Qexp ÿ Qnorm pairwise combi-

nations.

The close approach to linearity of the Qexp ÿ Qnorm array in

Fig. 8, based on the atomic coordinates determined on crystal

1 (see x3.1) and those of Brandon & Brown (1968), with the

slope and intercept as in Table 6, indicates an error distribu-

tion close to normal with joint s.u.s (j.s.u.s) underestimated by

a factor of ca 2.5. Comparable results follow from the Qexp ÿ
Qnorm array in Fig. S2, based on the atomic coordinates
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Table 3
Selected distances (AÊ ) and angles (�) in II-K2Cr2O7.

KÐO, n: n is the number of dKÐO � 3.5 AÊ .

Crystal 1 Crystal 2 Crystal 1 Crystal 2
CrÐO dCrÐO (AÊ ) dCrÐO (AÊ ) KÐO, n h dKÐOi (AÊ ) h dKÐOi (AÊ )

Cr1ÐO1 1.6144 (17) 1.611 (2) K1ÐO, 7 2.692±2.875 2.687±2.879
Cr1ÐO2 1.6158 (17) 1.613 (3) 2.76 (8)² 2.76 (8)
Cr1ÐO3 1.6036 (17) 1.604 (3)
Cr1ÐO4 1.7884 (16) 1.788 (3) K2ÐO, 10 2.743±3.303 2.746±3.308
Cr2ÐO4 1.7844 (16) 1.782 (2) 2.96 (19) 2.96 (19)
Cr2ÐO5 1.6181 (16) 1.615 (2)
Cr2ÐO6 1.6110 (17) 1.614 (3) K3ÐO, 9 2.751±3.065 2.749±3.064
Cr2ÐO7 1.6035 (17) 1.605 (3) 2.88 (9) 2.88 (9)
Cr3ÐO8 1.6216 (16) 1.618 (3)
Cr3ÐO9 1.6141 (16) 1.615 (2) K4ÐO, 8 2.748±3.134 2.752±3.138
Cr3ÐO10 1.6034 (17) 1.606 (3) 2.89 (13) 2.89 (13)
Cr3ÐO11 1.7795 (16) 1.778 (2)
Cr4ÐO11 1.7877 (15) 1.787 (2)
Cr4ÐO12 1.6213 (16) 1.619 (3) Cr1ÐO4ÐCr2 126.91 (10) 127.29 (14)
Cr4ÐO13 1.6030 (17) 1.604 (3)
Cr4ÐO14 1.6195 (16) 1.619 (2) Cr3ÐO11ÐCr4 123.97 (8) 124.19 (13)

² Range, mean dKÐO and uncertainty as calculated by Bessel's method.

Figure 5
Structure of IIb-K2Cr2O7 viewed along the b axis with the c axis
horizontal.

Figure 6
Predicted-phase I-K2Cr2O7 structure viewed along the a axis with the c
axis horizontal.

5 Assuming 1 s.u. for each bond length and the same displacement sense for all
bonded atoms.



determined with crystal 2 and those of Brandon & Brown

(1968) in which the error distribution is again close to normal,

with j.s.u.s underestimated by a factor of ca 2.3. Comparison of

the atomic coordinates determined on crystals 1 and 2 in Fig. 9

also indicates an error distribution close to normal. Figs. 8, 9

and S2 show that the present results are consistent with

Brandon & Brown (1968) if the s.u.s in the latter are under-

estimated by a factor of ca 2, and the s.u.s in crystals 1 and 2

overestimated by a factor of ca 1.2 (i.e. ca 1/0.86).

The corresponding Qexp ÿ Qnorm comparison of crystal 1

and Brunton's (1973) atomic coordinates is presented in Fig.

S3, that of crystal 2 and Brunton's in Fig. S4, with that of

Brandon & Brown's (1968) and Brunton's in Fig. S5. Each

distribution in Figs. S2±S5 is close to normal with the indica-

tors in Table 6 showing the j.s.u.s in Figs. S3 and S4 to be

underestimated by a factor of ca 1.7. The s.u. underestimation

factor of ca 2.2 in Fig. S5 together with the slight over-

estimation factor noted between crystals 1 and 2 supports the

deduction that the underestimates arise primarily in the

earlier work.

The results above demonstrate clearly that all four sets of

re®ned atomic coordinates for II-K2Cr2O7 are substantially

free from systematic error. The experimental uncertainties

should be corrected in each case by factors derived from the

magnitudes of the slopes listed in Table 6.

5. Phase transitions in K2Cr2O7

In reporting the structure of monoclinic K2Cr2O7 (IIb),

Krivovichev et al. (2000) suggested it may be related to that of

phase II by the rotation of alternate layers to give the

observed A2/a symmetry; they also gave the unit-cell volume

V(IIb-K2Cr2O7)293 K as 717.38 (17) AÊ 3. Crystal I has V(II-

K2Cr2O7)296 K = 725.37 (16) AÊ 3, hence �VII-IIb = 0.011,

signi®cantly less than the difference reported previously, see

x1.

5.1. Phase nomenclature

The ambiguity arising from earlier designations of the high-

temperature monoclinic (I) in addition to the ambient
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Figure 8
Normal probability, Qexp ÿ Qnorm, plot for the atomic coordinates
determined with crystal 1 of II-K2Cr2O7 versus those reported by
Brandon & Brown (1968).

Table 4
Predicted atomic coordinates for Phase I.

Phase I: coordinate uncertainties estimated as ca 1 AÊ .

x y z

Cr1 0.6392 0.7107 0.5952
Cr2 0.7379 0.8663 0.4001
K1 0.1330 0.6272 0.6494
K2 0.2226 0.8074 0.3569
O1 0.7641 0.5559 0.5963
O2 0.6890 0.8420 0.6768
O3 0.4712 0.6229 0.5971
O4 0.6389 0.8447 0.5021
O5 0.8852 0.7338 0.3895
O6 0.8370 1.0230 0.3998
O7 0.5794 0.8567 0.3184

Table 5
Selected recent literature distances (AÊ ) in chromates with terminal and
bridging distances except for isolated anions.

Uncertainties in averaged distances by Bessel's method.

Compound Reference hdCrÐOiterm hdCrÐOibridg

K4(CrO4)(NO3) Kolitsch (2002) 1.645 (4) ±
(C4H12N2)[CrO4] Srinivasam et al.

(2003)
1.65 (2) ±

[(CH3)3CNH3]2[CrO4] Chebbi & Driss
(2002)

1.626 (8)² ±

CuCrO4 Seferiadis &
Oswald (1987)

1.599 (3) 1.731 (2)

IIb-K2Cr2O7 Krivovichev et al.
(2000)

1.616 (10) 1.782 (1)

[(CH3)3SO]2Cr2O7 Jannin et al. (1993) 1.57 (4) 1.777 (14)
Na3Cr2(AsO4)3 Bouzemi et al.

(2002)
± 1.994 (2)³

(CN3H6)2Cr3O10 SteÎpienÂ &
Grabowski (1977)

1.65 (2) 1.75 (6)

Cs2Cr4O13 Kolitsch (2004) 1.588 (13) 1.77 (6)

² Disordered CrO2ÿ
4 anion over two sets of sites, with a CrÐCr separation of

0.9 AÊ . ³ Cubic crystal with fully connected extended structure.

Figure 7
Predicted-phase I-K2Cr2O7 structure viewed along the b axis with the c
axis horizontal.



temperature monoclinic (IIb) and triclinic (II) structures as

the �-phase is lifted by following IUCr's nomenclature (see

Appendix A). The designation `b' rather than `III' indicates

the formation of phase IIb in a different branch than that of

phase II, see x1. The phase at TPT � 544 K for crystals grown

from aqueous solution is thus denoted as I-K2Cr2O7, that at

TPT � 502 K as II-K2Cr2O7. The transition temperature from

phase II to phase I for the anhydrous material is TPT =

531 (2) K, see x5.3.

5.2. Thermogravimetry

Measurement with a Perkin±Elmer Pyris-1 TGA reveals

that K2Cr2O7 crystals (with mass typically around 15 mg),

grown from aqueous solution undergo no loss that exceeds the

instrumental sensitivity (�2 mg) on ®rst heating to T ' 531 K.

A sharp and reproducible mass loss of ca 0.05% then

commenses, continuing until ca 545 K and proceeding there-

after at a rate reduced by a factor of ca 2 until ca 660 K for a

total loss of ca 0.20%, see Fig. 10(a). Cooling the same sample

to 300 K and then reheating results in no further mass loss.

The rapid mass loss becomes more gradual as the crystalline

particle size is reduced by grinding. Reproducible mass

changes of <� 0.1% on heating or cooling over the entire

thermal range are due to buoyancy effects.

5.3. Differential scanning calorimetry

The thermal hysteresis and entropy change at TPT measured

with a Perkin±Elmer DSC-7 at rates ranging from 1 to

100 K minÿ1 are in basic agreement with earlier reported

values, see x1.6 All transition temperatures that follow are at

endotherm onset, with corresponding peak values 6.1 (2) K

higher; each one has been corrected for instrumental hyster-

esis by extrapolation to a heating rate of 0 K minÿ1 and is

reproducible over numerous samples. The phase transition

temperature observed on ®rst heating solution-grown samples

is 544 (2) K. The exothermic transition on cooling is consis-

tently observed thereafter at 502 (2) K. The endothermic

transition on second and all subsequent heatings is 531 (2) K,

see Fig. 10(b). The break in Fig. 10(b) between exotherm and

endotherm sections is in recognition of the differences in

absolute entropic background, displayed in the ®gure as

0 J molÿ1 Kÿ1. The thermal hysteresis ranges from ca 32 K at

the lowest to ca 80 K at the highest heating rate, extrapolating

to ca 29 K under isothermal conditions; thermal hysteresis is

indicative of a ®rst-order phase transition.

The entropy change both at initial and subsequent TPT is

h�Si = 4.0 (1) J molÿ1 Kÿ1. All exotherms are ca 50% wider

than endotherms, see x6.2 for an explanation. The possibility

that relaxation might in¯uence TPT was investigated by

remeasuring a sample equilibrated in the DSC at 373 K for

1 h, then a further 10 h both with and without N2 purge

following the completion of a normal measurement cycle. The

initial and subsequent endotherms remained identical at

531 (2) K, consistent with the elimination of all included

water.

5.4. Optical microscope observations at TPT

Brown (2003) noted that crystals of phase II placed `on a

microscope slide jump on being heated through the phase

transition as the color changes from orange±red to deep red,

almost black'. Small single crystals of phase II viewed under

polarized light transmission in a Jenalab POL microscope,

using an MK1 (Instec, Inc.) heating stage, exhibited a color

change from strongly reddish-orange to very deep red (see

footnote 2) at ca 549 K. Further heating to ca 553 K causes the

crystal to fracture and simultaneously move. Crystal move-

ment was again notable between 499 and 492 K on cooling, the

material remaining very deep red. The crystals are observed to

melt at 683 (2) K on heating and recrystallize at 636 (2) K on

cooling under a heating/cooling rate of 50 K minÿ1 for an

isothermal Tmelt = 660 (2) K. Further color change was not

observed. The experimental uncertainty in temperature due to

thermal gradients is ca 5 K. Decomposition begins at ca 775 K

(Weast et al., 1988).
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Table 6
Linear-regression indicators for the II-K2Cr2O7 Qexp ÿ Qnorm plots.

�(1) �(2) Slope Intercept
Correlation
coef®cient

Crystal 1 Brandon &
Brown (1968)

2.49 (3) 0.27 (3) 0.995

Crystal 1 Crystal 2 0.86 (1) 0.0001 (14) 0.991
Crystal 2 Brandon &

Brown (1968)
2.30 (2) 0.12 (2) 0.997

Crystal 1 Brunton (1973) 1.65 (3) ÿ0.10 (3) 0.989
Crystal 2 Brunton (1973) 1.72 (5) ÿ0.28 (5) 0.977
Brandon &

Brown (1968)
Brunton (1973) 2.19 (3) 0.07 (3) 0.994

Figure 9
Normal probability Qexp ÿ Qnorm plot for the atomic coordinates
determined with crystal 1 versus crystal 2 of II-K2Cr2O7.

6 Following an exploratory scan from 300 to 600 to 300 K, in which the
endotherm at 544 K and exotherm at 502 K were the only thermal events, all
subsequent calorimetric scans were from 375 to 575 to 375 K, then repeated
two additional times as a reproducibility check.



6. Atomic displacement analysis of the K2Cr2O7 phase
transitions

Conversion of the experimental or inferred atomic xyz coor-

dinates of phases II, IIb or I to Cartesian XYZ coordinates,

with X||a and Z||c* in AÊ , allows the evaluation of the

component and the total coordinate differences between

phases. Such a transformation is readily made by means of

CALCRYS (Urzhumtseva & Urzhumtsev, 2000). All indivi-

dual atomic changes in location between phases are given in

Table 7. A comparison of Cartesian atomic coordinates is

made without origin shift, since the origin in all phases is

de®ned by an inversion center.

6.1. Is a transition possible from phase IIb to phase II?

The transition at ca 325 K from phase IIb suggested by

Kozlova et al. (1978) is presently without experimental

con®rmation, although such a transition is allowed either to

phase I or phase II by the supergroup 2/m, subgroup 1,

relationship. In addition, the unit-cell parameters in all three

phases are comparable, as are the coordinates of corre-

sponding atoms following unit-cell transposition as in Table 1.

The experimental atomic coordinates of phases IIb and II are

presented in Table S1, with the four O atoms in each tetra-

hedron shown in brackets; O3 in phase IIb and O4 and O11 in

phase II are shared by pairs of tetrahedra to form Cr2O2ÿ
7 ions.

Cartesian coordinates of both phases are given in Table S2.

The maximum atomic displacement magnitude reported in

reversible solid-state phase transitions is ca 1.5 AÊ (Abrahams,

2003). Both component and total atomic coordinate displa-

cements for many of the independent atoms between phases

IIb and II exceed this limit with high signi®cance, see Table 7.

These positional differences are equivalent to angular changes

such as those between the normal to the CrÐOÐCr plane in

each phase; for the Cr1O4 and Cr2O4 tetrahedra that change is

13�, whereas for the Cr3O4 and Cr4O4 tetrahedra it is 75�.
Each of the Cr1O4 and Cr2O4 tetrahedra rotate 16 and 11�, the

Cr3O4 and Cr42O4 tetrahedra rotate 67 and 81� around their

respective CrÐOsharedÐ axes, see Figs. 3 and 5. The orienta-

tion change in the Cr� � �Cr vector of both Cr2O2ÿ
7 ions is 14�.

Both phase determinations were at ambient temperatures,

close to the proposed transition at ca 325 K, hence any

changes in atomic coordinates are expected to be relatively

small at this transition. Atomic position changes of the

magnitudes noted are highly unlikely as, therefore, is the

possibility of such a transition.

6.2. The transition from phase II to phase I

The rotation, at this phase transition, of ca 60� by the three

terminal O atoms in each tetrahedron about the OsharedÐCrÐ

axis, with respect to the CrÐOÐCr plane, has three major

components. The two sets of three terminal O atoms in the

Cr1Cr2O2ÿ
7 ion undergo direct rotations of 28 and 24�, as

derived from the Cartesian coordinates in Table S3, those in

the Cr3Cr4O2ÿ
7 ion rotations of 24 and 25�. The Cr1� � �Cr2

vector orientation changes by 21� and the Cr3� � �Cr4 vector by

49� at the transition; the dihedral angle between Cr1ÐOÐCr2

in phases I and II, and that between Cr3ÐOÐCr4 in the two

phases each change 46� at the transition. In consequence, the

Cr2O2ÿ
7 ion undergoes a conformation change.

The OÐCrÐOsharedÐCrÐO sequence in II-K2Cr2O7 and

(NH4)2Cr2O7 reported by Brown & Calvo (1970) approx-

imates mm symmetry with the three O atoms in the sequence

nearly linear, as is also the case in phase IIb. By contrast, one

of the two independent Cr2O2ÿ
7 ions in SrCr2O7 (Wilhelmi,

1967) has this con®guration but the second, independent,

Cr2O2ÿ
7 ion has an OÐCrÐOsharedÐCrÐO sequence close to

mm symmetry, but with the ÐCrO3 groups rotated by ca 60�.
The conformation of the Cr2O2ÿ

7 ion in phase I, with a twist

angle of ca 7.6� from mm symmetry, is very close to that of the

second ion in SrCr2O7. The existence of two ions in SrCr2O7,

each approximating mm symmetry but with different confor-

mations, suggests both arrangements occupy similar energy

states. The conformation of the Si2O6ÿ
7 ion in the mineral

hemimorphite, Zn4Si2O7(OH)2�H2O (Cooper et al., 1981), is
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Figure 10
(a) Thermogravimetric variation between 325 and 673 K, then cooling
and reheating. (b) Endotherms on ®rst (red) and second (black) heating.



similar to that in phase I and is indicative of it having high

stability.

Brown & Calvo (1970) proposed that alternate layers in II-

K2Cr2O7 undergo a pseudorotation of ca 90� about c* in the

transition from phase I to phase II such that `a perpendicular

vector from the Cr� � �Cr line through the bridging O atom

moves from the a to the b direction' (Brown, 2004). The

atomic displacements greater than 2 AÊ required by their

model, the clear evidence of a higher residual symmetry

present in phase II, and the con®rmation of the characteristic

phase I conformation for Cr2O2ÿ
7 provided by SrCr2O7 and

Zn4Si2O7(OH)2�H2O lend strong support to the stability of the

present model.

No difference between corresponding atomic positions in

phases I and II exceeds the limit �(xyz)max
<� 1.5 AÊ by more

than 3 estimated uncertainties, see Table 7; Cartesian coordi-

nates for all atoms in these two phases are given in Table S3.

The relative rotation of ca 60� by CrO4 groups and the

effective �(xyz) limit are fully consistent with the ®rst-order

phase transition apparent in Fig. 10(b). The broadened

exotherms relative to the endotherms noted in x5.3 may be

due to differences in the kinetics of tetrahedral rotation and

ionic displacement required in the transition from phase II to I

versus those from phase I to II.

The mass loss at TPT of ca 0.20% on ®rst heating phase II,

see x5.2 and Fig. 10(a), is attributed to water since as-grown

crystals dehydrated by heating lose no further mass on

reheating, even over long periods in a low humidity environ-

ment. No difference is observed either in the mass lost or in

TPT between ®rst and second heatings of untreated as-grown

crystals and those exposed overnight to high humidity. The

maximum mass loss due to water corresponds to 1 mol H2O

per ca 31 mol K2Cr2O7, a ratio that eliminates the possibility

of water of hydration.7 It is hence assumed that growth from

aqueous solution results in water-occupied inclusion defects.

The combination of superheated included-water and

multiple crack formation likely caused by abrupt changes in

unit-cell dimensions associated with the ®rst-order phase

transition critically affects TPT in the initial thermal cycle. The

Clausius±Clapeyron equation gives the water pressure within

an intact inclusion at 531 K as ca 5 Mpa. Phase-transition

temperatures generally increase with applied pressure. In

strongly ionic inorganic oxides such as La1.2Ca1.8Mn2O7, linear

increases of ca 1 K every 100 GPa are reported (Kanenev et

al., 1997), with smaller increases in more readily deformable

materials such as dialkyl-biphenyl compounds of ca

1 K MPaÿ1 (Urban et al., 2002). If the application of ca 5 MPa

raises the barrier to the tetrahedral rotations and ionic

displacements required at TPT by ca 13 K, then the phase

transition would occur at 544 K with the resulting crack

initiation, the release of superheated steam and a visible

crystal motion, see x5.4. Experimental investigation of the

TPT±pressure dependence in K2Cr2O7 is appropriate.

6.3. Structural transition from phase IIb to predicted phase I

Table 7 shows that no atomic position in phase IIb differs

from that inferred for the same atom in phase I by more than

the limit �(xyz)max
<� 1.5 AÊ ; the K2 and O7 differences are
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Table 7
Component |�(�)| and total |(�(XYZ)| differences between identical atoms in phases I, II and IIb of K2Cr2O7, in AÊ .

See also Table 1 and Tables S2±S4.

Phases I and II Phases II and IIb Phases IIb and I

�(X) �(Y) �(Z) �(XYZ) �(X) �(Y) �(Z) �(XYZ) �(X) �(Y) �(Z) �(XYZ)

Cr1 1.46 0.51 0.16 1.55 1.87 1.24 0.15 2.26 0.41 0.75 0.01 0.85
Cr2 0.44 1.11 0.18 1.21 1.66 0.68 0.28 1.81 1.22 ÿ0.42 ÿ0.10 1.30
Cr3 0.05 0.25 0.18 0.32 0.98 0.61 0.16 1.16 ± ± ± ±
Cr4 0.40 0.32 0.16 0.54 0.27 1.14 0.24 1.20 ± ± ± ±
K1 1.44 0.67 0.12 1.59 1.97 0.75 0.04 2.11 0.53 0.08 ÿ0.16 0.56
K2 0.44 0.87 0.10 0.98 1.72 0.41 0.02 1.76 1.27 ÿ1.27 ÿ0.07 1.80
K3 0.12 0.09 0.12 0.19 0.27 0.24 0.20 0.42 ± ± ± ±
K4 0.21 0.14 0.10 0.27 1.02 1.20 0.10 1.58 ± ± ± ±
O1 1.51 0.57 0.70 1.76 2.08 1.57 0.07 2.61 0.57 1.00 0.77 1.39
O2 1.47 0.58 0.33 1.61 1.73 1.44 0.39 2.28 ÿ0.54 0.86 ÿ0.06 1.01
O3 1.46 0.38 0.68 1.65 1.98 0.81 0.09 2.14 0.52 0.43 ÿ0.59 0.90
O4 0.50 0.47 0.33 0.76 1.69 1.05 0.43 2.04 1.19 0.58 ÿ0.10 1.33
O5 0.36 1.14 0.71 1.39 1.62 0.73 0.09 1.78 1.26 ÿ0.41 0.62 1.46
O6 0.54 0.98 0.52 1.24 1.62 0.48 0.58 1.79 1.08 ÿ0.51 ÿ1.10 1.62
O7 0.28 1.75 0.24 1.79 1.57 0.49 0.04 1.65 1.30 ÿ1.26 0.20 1.81
O8 0.15 0.18 0.70 0.74 1.11 0.52 1.40 1.86 ± ± ± ±
O9 0.12 0.89 0.24 0.93 1.15 0.31 0.29 1.23 ± ± ± ±
O10 0.02 0.27 0.52 0.58 0.94 2.70 1.31 3.15 ± ± ± ±
O11 0.28 0.42 0.33 0.60 1.18 1.08 0.30 1.63 ± ± ± ±
O12 0.53 0.42 0.70 0.97 1.23 1.57 0.19 2.00 ± ± ± ±
O13 0.45 0.25 0.68 0.85 0.34 0.49 2.21 2.29 ± ± ± ±
O14 0.95 0.31 0.33 1.05 0.07 0.77 0.12 0.78 ± ± ± ±

7 The only known alkali chromate or dichromate hydrates are
Na2CrO4�10H2O and Na2Cr2O7�2H2O. The difference between the IR
spectrum of as-grown and dehydrated phase II crystals, recorded with a
Perkin Elmer Spectrum One FT-IR spectrometer and Universal ATR
Sampling Accessory with ZnSe crystal, was found to be less than that
attributable to instrumental sensitivity.



without signi®cance. Cartesian coordinates for all atoms in

phases I and IIb are given in Table S4. The rotations of the

ÐCrO3 group about the OsharedÐCrÐ bond by 31 and 34�, the

25� change in Cr� � �Cr vector direction and the 34� difference

between normals to the CrÐOÐCr plane at a transition

between phases IIb and I are comparable to those in the

transition from phases II to I. A transition that is probably of

®rst order is hence to be expected. If, however, TPT� 531 K,

as suggested by Kozlova et al. (1978), then a new phase is

expected to intervene between phases IIb and I since a lower

value for TPT would require phase I to be stable well below its

thermal limit.

6.4. Additional K2Cr2O7 phase formation

Effective rotations as large as 60� about the CrOsharedÐ

bond by ÐCrO3 and atomic displacements as large as ca 1.5 AÊ

in the transition between phases I and II, and also between

phases I and IIb, open the possibility of additional phase

formation as the potential surface that mediates crystal growth

is perturbed by the presence of other ions, leading to an

equilibrium change. Recent reports of the growth of large

(4.5 mm diameter, 60 mm length), mostly right-handed, helical

K2Cr2O7 polycrystals from aqueous gels (Suda & Matsushita,

2004; Suda et al., 2000) may be examples of additional phases.

Glutamic or aspartic acid dissolved in gelatin provides a chiral

environment in which left-handed helical K2Cr2O7 crystals

grow. If the chiral morphology is due to a symmetry change,

then the only subgroup enantiomorphic to phase I is 1.

Alternatively, the major differences in the appearance and

growth rates of (001) and �001� noted by Shubnikov (1912,

1931), acting on the component polycrystals, may also result in

helical growth. Structural studies on these helical crystals have

not yet been reported.

Measurement of the atomic coordinate and lattice para-

meter thermal dependence of all K2Cr2O7 phases over the

widest temperature range available will further clarify the

phase relationships in K2Cr2O7.

APPENDIX A
Among the earlier designations for the phases of K2Cr2O7 are

A for phase II, C for phase I and B for phase IIb (Jaffray &

Labary, 1956), monoclinic high temperature for phase I,

triclinic low temperature for phase II and monoclinic meta-

stable for phase IIb (Klement & Schwab, 1960), � for phase

IIb (Kozlova et al., 1978; Krivovichev et al., 2000), � for phase I

and � for phase II (Hess & Eysel, 1989). The IUCr phase

transition nomenclature (ToleÂdano et al., 1998, 2001) was

designed both to clarify and amplify such designations. Its

application to phases I, II and IIb of K2Cr2O7 results in:

I|660±531 K|P21/n (14)|Z = 4|non-ferroic|decomposes above

ca 775 K.

II|531±<� 270 K|P1 (2)|Z = 4|non-ferroic|lower temperature

limits not reported.

IIb|>�325 to <� 288 K| A2/a (15)|Z = 4|non-ferroic|upper and

lower temperature limits not reported.

The phase label is given in ®eld 1, the thermal and/or

pressure stability limits for the phase in ®eld 2, the space group

with the ITA number in ®eld 3, the ferroic property in ®eld 4

and other pertinent data in ®eld 5. In the event a new phase is

found to exist between IIb and I, see x6.3, it would become

phase IIb and the present phase IIb would become phase IIIb.

See xx1 and 5.1 for use of the letter `b'.
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