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The investigation of elemental composition, crystal structure and thermal

behavior of vonsenite and hulsite from the Titovskoe boron deposit in Russia is

reported. The structures of the borates are described in terms of cation-centered

and oxocentred polyhedra. There are different sequences of double chains and

layers consisting of oxocentred [OM4]n+ tetrahedra and [OM5]n+ tetragonal

pyramids forming a framework. Elemental composition was determined by

energy-dispersive X-ray spectroscopy (EDX). Oxidation states and coordina-

tion sites of iron and tin in the oxoborates are determined using Mössbauer

spectroscopy and compared with EDX and X-ray diffraction data (XRD).

According to results obtained from high-temperature Mössbauer spectroscopy,

the Fe2+ to Fe3+ oxidation in vonsenite and hulsite occurs at approximately 500

and 600 K, respectively. According to the high-temperature XRD data, this

process is accompanied by an assumed deformation of crystal structures and

subsequent solid-phase decomposition to hematite and warwickite. It is seen as a

monotonic decrease of volume thermal expansion coefficients with an increase

in temperature. A partial magnetic ordering in hulsite is observed for the first

time with Tc ’ 383 K. Near this temperature, an unusual change of thermal

expansion coefficients is revealed. Vonsenite starts to melt at 1571 K and hulsite

starts to melt[melts] at 1504 K. Eigenvalues of thermal expansion tensor are

calculated for the oxoborates as well as a character of anisotropy of the

expansion[?] is described in comparison with their crystal structures.

1. Introduction

Vonsenite and hulsite are minerals with an approved[?] end-

member formula Fe2+
2Fe3+(BO3)O2, which were discovered

over a hundred years ago (Knopf & Schaller, 1908; Eakle,

1920). Generally, these mixed-valent iron oxoborates occur in

magnesian[magnesium?] skarns (Aleksandrov, 1998).

However, the end-member formula does not adequately

reflect the empirical elemental composition of these

compounds that typically contain in both Fe2+- and Fe3+-

dominant sites admixed cations[?] in significant amounts

(Konnert et al., 1976). Idealized formulae of hulsite and

vonsenite are (Mg,Fe2+)2-

(Fe3+,Sn)(BO3)O2 and Fe2+
2Fe3+(BO3)O2, respectively

(Konnert et al., 1976; Yamnova et al., 1978; Swinnea & Stein-
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fink, 1983). Vonsenite crystallizes in ludwigite structure type in

the orthorhombic space group Pbam and hulsite crystallizes in

pinakiolite structure type in the monoclinic space group P2/m.

Although the structures are different, both minerals belong to

a family of 3 Å wallpaper structure compounds (Moore &

Araki, 1974; Hawthorne, 2014). The crystal structure of

vonsenite contains four positions for cations: M(1) (2a) and

M(3) (4g) positions are occupied by Fe2+ and Mg, M(2) (2d)

positions are occupied by Fe2.5+, M(4) (4h) positions are

occupied by Fe3+ and Sn4+ (Swinnea & Steinfink, 1983). There

are five octahedral positions for cations in the structure of

hulsite: M(1) (1a) and M(3) (1d) are filled by Mg, Fe3+ and

Sn4+, M(2) (1f) and M(5) (2n) are filled by Fe2+ and Mg, M(4)

(1g) are filled by Fe2+ (Yamnova et al., 1978). The structures

are composed of metal–oxygen octahedra and [BO3]3� trian-

gles (Takéuchi, 1956; Konnert et al., 1976; Yamnova et al.,

1978; Swinnea & Steinfink, 1983).

Magnetic properties of iron borates strongly depend on

their structure. Magnetic iron atoms form three ladder-like

structures in ludwigite-like compounds. Therefore, magnetic

properties of these compounds show strong unidirectional

anisotropy (Whangbo et al., 2002; Vallejo & Avignon, 2007;

Freitas et al., 2009). On the other hand, metal atoms form

quasiplanar structures in pinakiolite-like compounds. Such

structures determine the two-dimensional character of

magnetic properties, which is different from the one described

for ludwigite-like structures (Freitas et al., 2010; Medrano et

al., 2018). Recently, it has been shown that compounds that

crystallize in the ludwigite type are antiferromagnets whose

structures contain magnetic arrangements with geometric

frustrations (Knyazev et al., 2019). ‘Geometrically frustrated

antiferromagnets’ is one of the most intensively studied topics

in condensed matter physics due to the attractive magnetic

properties they exhibit (Greedan, 2001, 2010; Gomonay &

Loktev, 2014; Bovo et al., 2018).

There are few works known to date devoted to the inves-

tigation of the Mössbauer effect in vonsenite and hulsite. The
57Fe Mössbauer spectrum recorded at room temperature of a

synthetic analog of vonsenite is seen to contain several para-

magnetic components (doublets) assigned to various crystal-

lographic sites (Swinnea & Steinfink, 1983). With a decrease in

temperature, a charge ordering and a few magnetic transitions

were detected, and the spectra became more complex

(Douvalis et al., 2002; Larrea et al., 2004). There are few

articles which report high-temperature Mössbauer experi-

ments of vonsenite (Li et al., 1994; Douvalis et al., 2002; Larrea

et al., 2004). However, an investigation of the 119Sn Mössbauer

effect in vonsenite has not yet been reported. In contrast,

results of investigations of the 119Sn Mössbauer effect in

hulsite have been reported (Smith & Zuckerman, 1967;

Konnert et al., 1976). The 119Sn Mössbauer spectrum of hulsite

shows a single absorption line with isomer shift characteristic

of the Sn4+ state. To date, there are no works known devoted

to the investigation of the 57Fe Mössbauer effect in hulsite.

It should be noted that there is a lack of high-temperature

crystal-chemical investigations of iron borates in general.

There are a few works known devoted to such investigations

(Shimomura et al., 2007; Biryukov et al., 2016, 2018). A

combination of in situ high-temperature Mössbauer spectro-

scopy and high-temperature X-ray diffraction (HTXRD)

works well to reveal magnetic phase transitions in iron borates

(Biryukov et al., 2016, 2018). The investigation of Fe2+ to Fe3+

oxidation, which should occur in vonsenite and hulsite with an

increase in temperature using data of these methods, is of

special interest too.

This paper reports on the investigation of chemical

composition, cation distribution and crystal structure, thermal

behavior of the mixed-valent iron oxoborates vonsenite and

hulsite from the Titovskoe boron deposit (Russia) by in situ

high-temperature Mössbauer spectroscopy, HTXRD and

thermal analysis [differential scanning calorimetry (DSC) and

thermogravimetry (TG)]. A discussion on thermal expansion

of the borates under consideration is given in terms of cation-

and oxocentred polyhedra since they compose the [OM4]n+

tetrahedra (Krivovichev et al., 1998, 2013) and [OM5]n+

tetragonal pyramids that are not described elsewhere for these

minerals.

2. Experimental

2.1. Materials

The minerals were collected from the Titovskoe boron

deposit, Tas-Khayakhtakh Range, Polar part of Sakha

(Yakutia) Republic, Russia. Crystals of vonsenite suitable for

single-crystal X-ray diffraction experiments were separated

from the probes[?] using a LOMO (Russia) binocular

microscope and then checked on a Bruker SMART APEX II

diffractometer. Polycrystalline samples of the minerals were

used for the room- and high-temperature Mössbauer spec-

troscopy, X-ray diffraction and thermal analysis experiments.

2.2. Energy-dispersive X-ray spectroscopy (EDX)

The samples were mounted in an epoxy block and polished

with progressively smaller[finer] diamond powders up to 0.25

mm. Elemental compositions of the samples were determined

using a scanning electron microscope Hitachi S3400N

equipped with an energy-dispersive spectrometer Oxford X-

Max 20. Operating conditions were set at 20 kV, 1 nA and

120 seconds per point dwell time. Concentrations of elements

with an atomic number higher than carbon were determined.

Spectra were processed with AZtec (Oxford Instruments,
2016) software using a TrueQ technique. The standards used

were FeS2 (Fe), MgO (Mg), Mn (Mn), Al2O3 (Al), Ti (Ti) and

Sn (Sn).

Mean analytical results are given in Table S1. These data

are in agreement with elemental compositions of vonsenite

and hulsite from the Titovskoe deposit obtained by Alek-

sandrov (1998). Empirical formulae of vonsenite and hulsite

based on five oxygen atoms per formula unit (apfu) are

(Fe2+
1.86Mg0.13)P1.99(Fe3+

0.92Mn2+
0.05Sn4+

0.02Al0.02)P1.01(BO3)-

O2 and (Fe2+
1.90Mg0.11)P2.01(Fe3+

0.88Mn2+
0.06Sn4+

0.05-

Al0.01)P1.00(BO3)O2, respectively. Manganese is considered to

be Mn2+, tin is considered to be Sn4+ and Fe2+/Fe3+ ratios are
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calculated and these data are in accordance with the Möss-

bauer spectroscopy data.

2.3. Mössbauer spectroscopy

Mössbauer experiments were performed in transmission

geometry using a conventional spectrometer (WissEl,

Germany) operating in constant acceleration mode equipped

with a Mössbauer Furnace MBF-1100 and temperature

controller TR55. Low-temperature measurements were

carried out with a continuous flow cryostat (model CFICEV

from ICE Oxford, UK). Measurements were provided within

the temperature range of 100–745 K. The 57Co (Rh) with an

activity of about 50 mCi and the 119mSn (CaSnO3) with an

activity of about 15 mCi (both RITVERC GmbH, Russia)

were used as a source[sources?] for resonance radiation. The

spectrometer velocity scale was calibrated using thin metallic

iron foil (at room temperature). SpectrRelax software

(Matsnev & Rusakov, 2012) was used for experimental data

processing. Isomer shifts were measured relative to �-Fe at

room temperature for 57Fe Mössbauer spectra and SnO2 at

room temperature for 119Sn Mössbauer spectra.

2.4. Thermal analysis

Thermal analysis (TG+DSC) was carried out using a STA

429 D NETZSCH simultaneous thermal analysis instrument

equipped with a platinum–rhodium sample holder (dynamic

air atmosphere, air flow 50 cm3 min�1, temperature range 313–

1650 K, heating rate 20 K min�1). Before the experiment,

calibration of a thermobalance was made using a CaC24�2H2O

external standard. The accuracy of the determination of the

weight was �0.01 mg. The temperature (K) and sensitivity

(mV mW�1) calibration of the Type S thermocouple was

performed using In, Sn, Bi, Zn, Al, Au and Pb external stan-

dards. The errors in determinations of the temperature and

sensitivity did not exceed �2 K and �2 relative percent,

respectively. The pellets for the experiments were weighed

with an accuracy of 0.01 mg (the mass was approximately

20 mg) and placed in an open platinum–rhodium crucible. The

temperatures of thermal effects were determined using

NETZSCH Proteus software by the DSC first derivative

curve[?].

2.5. Room- and high-temperature X-ray diffraction

Powder diffraction data were collected using a Rigaku

MiniFlex II diffractometer (Co K�, 2� = 5–70�, step 0.02�).

The phase composition was determined using PDXL inte-

grated X-ray powder diffraction software (Sasaki et al., 2010)

and PDF-2 2016 from the ICDD [ICSD] (Inorganic Crystal

Structure Database, http://www2.fiz-karlsruhe.de/icsd_ho-

me.html; Reference?). The Rietveld refinement of the XRD

patterns was performed using RietToTensor (Bubnova et al.,

2018). X-ray phase analysis revealed that the polycrystalline

samples of vonsenite and hulsite contained in its compositions

diopside CaMg(Si2O6) (about 2 and 10 wt%, respectively) and

Fe3O4 (about 0.6 wt%) as an impurities according to the

Rietveld refinement.

Single-crystal X-ray diffraction data were collected using a

Bruker SMART APEX II diffractometer equipped with a

CCD detector using Mo K� radiation and an Oxford Cobra

Cryosystem device. The room- and high-temperature experi-
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Table 1
Experimental details for vonsenite at 293 and 400 K- TAKEN FROM CIF. DIFFERENCES HIGHLIGHTED.

293 K 400 K

Crystal data
Chemical formula BFe2.654Mg0.346O5 BFe2.654Mg0.346O5

Mr 247.4 247.4
Crystal system, space group Orthorhombic, Pbam Orthorhombic, Pbam
a, b, c (Å) 9.3914 (10), 12.3034 (10),

3.0697 (6)
9.425 (1), 12.3528 (10), 3.0799 (6)

V (Å3) 354.69 (8) 358.58 (8)
Z 4 4
Radiation type Mo K� Mo K�
� (mm�1) 10.70 10.59
Crystal size (mm) 0.4 � 0.1 � 0.1 0.4 � 0.1 � 0.1

Data collection
Diffractometer Bruker Smart APEX II Bruker Smart APEX II
Absorption correction Multi-scan (Krause et al., 2015) Multi-scan (Krause et al., 2015)
Tmin, Tmax 0.820, 0.870 0.820, 0.870
No. of measured, independent and

observed [I > 3�(I)] reflections
1886, 404, 329 1882, 404, 337

Rint 0.037 0.086
(sin �/�)max (Å�1) 0.616 0.614

Refinement
R[F 2 > 2�(F 2)], wR(F 2), S 0.036, 0.039, 1.66 0.029, 0.032, 1.48
No. of reflections 404 404
No. of parameters 57 57
No. of restraints 1 1
��max, ��min (e Å�3) 1.02, �0.81 0.54, �0.58
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ments were performed using the same crystal. More than one

hemisphere of three-dimensional data was collected by the

CCD detector and frame widths of 0.5��� in !, with 30 s used to

acquire each frame. The data were corrected for Lorentz,

polarization and background effects using APEX (Bruker,

2012) and XPREP (Bruker, 2012). A semi-empirical absorp-

tion-correction based on the intensities of equivalent reflec-

tions was applied in the SADABS program (Krause et al.,

2015). The crystal structure of vonsenite was solved by charge

flipping and refined at 293 and 400 K using JANA2006

(Petřı́ček et al., 2014) program suite. Experimental details are

given in Table 1. Atomic coordinates, displacement para-

meters and selected bond distances are given in Tables S2–S4.

Hulsite forms very thin and curved plates, dimensions of this

curvature are smaller than optical resolution of the binocular,

thus it was not possible to refine the structure using a single-

crystal X-ray diffraction experiment. Here the cation distri-

bution in hulsite was determined using room-temperature

Mössbauer spectroscopy data and the model of hulsite

presented by Yamnova et al. (1978) (Tables S5–S7).

The HTXRD experiments were conducted using a Rigaku

Ultima IV diffractometer with a thermal attachment (Co K�,

40 kV and 35 mA, reflection geometry, D/teX Ultra high-

speed detector, air atmosphere, 2� = 10–80�, temperature

range 293–1273 K, steps 10 and 20 K, heating rate

1.5 K min�1). A thermocouple was used to control the

temperature. Before the HTXRD experiment, an Si external

standard was measured in the temperature range 293–1273 K

in order to control the thermal expansion coefficients. The

temperatures of phase transitions were checked using SiO2

and K2SO4. The error in the determination of the temperature

did not exceed �10 K. Experimental data processing by the

Rietveld refinement, approximation of temperature depen-

dencies of lattice parameters and drawing figures of thermal

expansion coefficients (�) were performed using RietTo-

Tensor (Bubnova et al., 2018). A detailed description of the

data processing and calculation of eigenvalues of thermal

expansion tensor is given in detail by Bubnova et al. (2018).

The crystal structures were visualized using VESTA

(Momma & Izumi, 2011).

3. Results

3.1. Mössbauer spectroscopy

3.1.1. Room-temperature 119Sn Mössbauer spectroscopy.

The room-temperature 119Sn Mössbauer spectrum of vonse-

nite [Fig. 1(a)] is a doublet with an isomer shift value equal to

0.17 mm s�1, quadrupole splitting and linewidth equal to 0.93

and 0.8 mm s�1, respectively. The values of hyperfine para-

meters show that the oxidation state of tin atoms is 4+. The

hyperfine parameters of tin nuclei in vonsenite are reported

here for the first time, which are close to those of ludwigite-

like Co5Sn(O2BO3)2 (Medrano et al., 2015).

The room-temperature 119Sn Mössbauer spectrum of hulsite

[Fig. 1(b)] is consisted of one quadrupole doublet with an

isomer shift value equal to 0.23 mm s�1, quadrupole splitting

and linewidth equal to 0.95 and 1.07 mm s�1, respectively.

These values indicate Sn4+ atoms. The values are different

from those reported for hulsites (Smith & Zuckerman, 1967;

Aleksandrov et al., 1967), where a single absorption line was

described. However, these values of hyperfine parameters are

close to those of Ni5.15Sn0.85(O2BO3)2 crystallizing in pina-

kiolite structure type, and it was concluded that the Sn4+ atoms

substitute several cationic positions (Medrano et al., 2018). A

similar conclusion was also made by Suknev & Diman (1975)

based on IR studies of hulsite. The larger value of the line-

width of the spectrum of hulsite in comparison to that of

vonsenite may be due to a substitution of the largest number

of non-equivalent crystallographic positions by the tin atoms

in the crystal structure of hulsite.

3.1.2. Vonsenite. The 57Fe Mössbauer spectra of vonsenite

at selected temperatures are shown in Fig. 2. These spectra

were fitted with four paramagnetic components (doublets).

These components correspond to four non-equivalent crys-

tallographic positions of iron atoms in the structure of

vonsenite: 2a [M(1)], 2d [M(2)], 4g [M(3)] and 4h [M(4)]. The

spectrum at room temperature and its components are shown

in Fig. 2(b).

The behavior of hyperfine parameters with temperature is

shown in Fig. 3. Generally, isomer shift decreases with an

increase in temperature [Fig. 3(a)]. However, for two

components with higher values of isomer shift, i.e. for the Fe2+

atoms, an abrupt change of values of the isomer shift is seen at

the temperature of about 500 K, which is due to the oxidation

of Fe2+ atoms. At higher temperatures, values of the isomer

shift of these components are characteristic of those of the
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Figure 1
119Sn Mössbauer spectra of (a) vonsenite and (b) hulsite recorded at
room temperature.

Figure 2
57Fe Mössbauer spectra of vonsenite (a) at 293, 473 and 723 K and (b) its
spectral components at 293 K.

Files: b/ra5077/ra5077.3d b/ra5077/ra5077.sgml RA5077 FA IU-2015/13(16)6 2015/13(16)6 () RA5077 PROOFS B:FA:2020:76:4:0:0–0

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456



Fe3+ atoms. Values of quadrupole splitting indicate the octa-

hedral coordination of the cations throughout the whole

temperature range [Fig. 3(b)].

3.1.3. Room- and high-temperature 57Fe Mössbauer
spectroscopy of hulsite. The room-temperature 57Fe Möss-

bauer spectrum of hulsite can be fitted with one magnetically

split (sextet) and two paramagnetic (doublets) components

(Fig. 4).

Values of hyperfine parameters of the magnetically split

component [orange curve (I) in Fig. 4] are characteristic of the

Fe3+ atoms occupying highly distorted octahedral sites. It is

assumed that these are the 1d and 1g positions. As the

temperature increases, a hyperfine field on iron nuclei

decreases with a subsequent transformation of the magneti-

cally split component into the paramagnetic doublet near the

critical temperature, Tc [Fig. 5(a)]. Such a partial magnetic

ordering should be caused[?] by the quasi-two-dimensional

structure of hulsite. Below the critical temperature, some of

these planes are magnetically ordered, while others are not

ordered. Similar behavior was observed in other pinakiolite-

like compounds (Freitas et al., 2010; Medrano et al., 2018). The

experimental data on the temperature dependence of the 57Fe

hyperfine field in hulsite were least-squares fitted by power

law:

BHFðTÞ ¼ BHFð0Þ 1 � T

Tc

� ��

ð1Þ

and allowed us to deduce the following parameters: BHF(0) =

487�2 kOe, Tc = 383�1 K, � = 0.23�0.01. The solid line in

Fig. 5(a) represents the best fit of the data obtained by the

least-squares procedure. These data clearly show that the

magnetic phase transition occurs at 383 K. The obtained value

of critical exponent � = 0.23 is lower than predicted by the

classical Landau theory 1
2 and is close to 1

4 which is character-

istic to[?] phase transition at the tricritical point (Huang,

1987). Another reason for such a value of the critical exponent

may be the two-dimensional character of magnetic interaction.

Indeed, for layered magnetic systems, close values of � are

reported (Taroni et al., 2008).

Two other components [green (II) and magenta (III) curves

in Fig. 4] do not change significantly with an increase in

temperature [Figs. 5(b) and 5(c)]. The values of the hyperfine

parameters of the doublets are characteristic of the Fe2+

atoms. It is assumed that the doublet shown by the green curve

is related to the Fe2+ atoms (1f and 2n crystallographic sites),

while the component shown by the magenta curve is related to

Fe2.5+ (1a site). However, it should be noted that in order to

obtain more detailed information on the cation distribution in

the structure of hulsite, it is necessary to provide Mössbauer

experiments at low temperatures. The values of the isomer

shift and quadrupole splitting of all the components decrease

with an increase in temperature [Fig. 5(b)]. The isomer shift

values decrease due to the second-order Doppler effect, while

the decrease of the quadrupole splitting is caused by a

decrease of an electric field gradient due to a more uniform

filling of 3d levels by resonant iron atoms at higher tempera-

tures. However, values of the isomer shift of components I and

III decrease more obviously at higher temperatures (above

600 K). An increase of values of the quadrupole splitting of

component III as well as a decrease of relative area of
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Figure 3
Temperature dependencies of the hyperfine parameters of the 57Fe
Mössbauer spectral components of vonsenite: (a) isomer shift and (b)
quadrupole splitting.

Figure 4
57Fe Mössbauer spectra of hulsite at 295, 373, 385, 623 and 673 K.

Figure 5
Temperature dependencies of the hyperfine parameters of 57Fe
Mössbauer spectra of hulsite: (a) hyperfine field of component I, (b)
isomer shift and (c) quadrupole splitting.

Files: b/ra5077/ra5077.3d b/ra5077/ra5077.sgml RA5077 FA IU-2015/13(16)6 2015/13(16)6 () RA5077 PROOFS B:FA:2020:76:4:0:0–0

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570



component II is observed. In the region of higher velocities,

new lines appear corresponding to the magnetic component of

�-Fe2O3 (hematite) (Fig. 4). Such behavior of a system at high

temperatures should be caused[?] by the Fe2+ oxidation. The

metal cations do not change their octahedral coordination

throughout the whole temperature range [Figs. 5(b) and 5(c)].

3.2. Crystal structure description

3.2.1. Crystal structure of vonsenite. In terms of cation-

centered polyhedral (Fig. 6), the structure of vonsenite is

described as a framework composed of vertex-sharing [O(4)]

and edge-sharing [O(2)–O(2), O(2)–O(3) and O(2)–O(5)]

metal–oxygen [MO6]n� octahedra that form the infinite zigzag

chain [Fig. 6(a)]. The [BO3]3� isolated triangles [Fig. 6(c)] are

connected to the octahedra by the vertices. According to the

Mössbauer spectroscopy and single-crystal X-ray diffraction

data (see xx2.5 and 3.1), the M(1) and M(3) positions, or the 2a

and 4g crystallographic sites, are occupied by the divalent iron

and magnesium atoms, the M(2) (2d) positions are occupied

by Fe2.5+, the M(4) (4h) positions are occupied by Fe3+ and

Sn4+ (Tables S2). The average M(1)—O and M(3)—O bond

lengths = 2.13 Å, hM(2)—Oi = 2.09 Å, hM(4)—Oi = 2.06 Å

(Tables S4). Thus, the values of the average bond distances

between the trivalent cation and oxygen are shorter than those

between the divalent one and oxygen since it is known that the

ionic radii rion of Fe2+ and Fe3+ in octahedral coordination are

0.78 and 0.64 Å, respectively (Shannon, 1976). The hB(1)—Oi
bond length is 1.38 Å. As the temperature increases by 100 K,

an elongation of the M—O bonds of up to 0.02 Å is observed

(Tables S4). The boron—oxygen bond lengths virtually do not

change with the increase in temperature, which is in agree-

ment with the data from the previous investigations of

temperature-dependent structural changes in borates using

low- and high-temperature single-crystal X-ray diffraction

(Bubnova et al., 2002; Bubnova & Filatov, 2013).

In terms of the oxocentred polyhedra, the structure of

vonsenite is composed of the distorted [OM4]n+ and [OM5]n+

polyhedra [Figs. 7(a) and 7(b)]. Moreover, for the first time,

the [OM5]n+ tetragonal pyramids in the structures of vonsenite

and hulsite are described (Fig. 7). In the structure of vonsenite

both types of polyhedra form double chains elongated along

the c axis [Fig. 7(b)]. The double chains composed of the

vertex-sharing [OM4]n+ tetrahedra are described by Krivo-

vichev et al. (1998). The second type of double chain is

composed of the edge-sharing [OM5]n+ pyramids [Fig. 7(b)].

These slanted double chains are connected by common

vertices and edges forming a framework.

The [O(4)M4]n+ tetrahedron is composed of the M(1), M(3)

divalent cations and two M(4) cations with oxidation state of

2.5+ and 3+. The [O(2)M5]n+ pyramid is composed of the M(3)

divalent cation, two M(2) and two M(4) cations with oxidation

states of 2.5+ and 3+ [Fig. 7(b)]. The divalent M(3) atom is the

vertex of the [OM5]n+ pyramid. The tetrahedra are connected

to each other by the common M(1) and M(4) vertices and to

the [OM5]n+ tetragonal pyramids by the M(3) vertices and

M(4)–M(4) edges. The [OM5]n+ polyhedra are connected to

each other by the common M(2)–M(2) and M(2)–M(4) edges.

The O(4)—M bond lengths in the tetrahedra are 1.94–2.02 Å,

the average O(4)—M bond length is 1.99 Å. The O(2)—M

bond lengths are longer than those in the tetrahedra and equal

to 2.08 and 2.09 Å, hO(2)–Mi = 2.09 Å.

3.2.2. Crystal structure of hulsite. Oxidation states and

cation distribution of iron and tin in hulsite were determined

using Mössbauer spectroscopy (see x3.1). There are five

positions of cations in the crystal structure: the M(1) position,

or 1a site, is occupied by the Fe2.5+ cations, M(2) (1g) and M(3)

(1d) sites are occupied by Fe3+, M(4) and M(5) (1f and 2n) by

the divalent iron and magnesium atoms. These cations are

surrounded by six oxygen atoms forming [MO6]n� octahedra.

The octahedra are connected to each other by the edges

forming chains of two types. The first one is practically
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Figure 6
The wallpaper structures of (a) vonsenite and (b) hulsite represented in terms of [MO6]n� cation-centered polyhedra in comparison with figures of
thermal expansion. Arrangement of the [BO3]3� triangles in comparison with figures of thermal expansion of (c) vonsenite and (d) hulsite (the solid
green line — 300 K, the dashed red line — the maximum temperature).
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direct[?meaning] and consisted of a sequence of [M(1)O6]n�

and [M(4)O6]n� polyhedra, and the second one is a zigzag

chain consisting of [M(2)O6]n�, [M(3)O6]n� and [M(5)O6]n�

octahedra [Fig. 6(b)]. According to single-crystal X-ray

diffraction data of a hulsite reported by Yamnova et al. (1978),

the average M(1)—O bond length is 2.07 Å, hM(2)—Oi and

hM(3)—Oi are 2.08 Å, hM(4)—Oi and hM(5)—Oi are 2.13 Å

(Table S7). The boron atoms are surrounded by three oxygen

atoms, forming the isolated triangles. The planes of the

[BO3]3� triangles are perpendicular to metal–oxygen layers

and the triangles are connected to the octahedra by common

vertices. The hB(1)—Oi bond length is 1.38 Å.

Although it is possible to obtain the same chains composed

of the oxocentred polyhedra, these chains form two types of

layers in the bc plane [Figs. 7(c) and 7(d)]. The layer, which

consists of the [O(4)M4]n+ tetrahedra, was first described by

Krivovichev et al. (1998). The second one, which is composed

of the edge-sharing pyramids, is described here for the first

time. The layers are connected to each other by the common

M(5) vertices forming a framework. The [O(4)M4]n+ tetra-

hedra are connected to each other by the common M(4)

vertices and M(1)–M(1) edges. The O(4) atoms are

surrounded by two metal cations with oxidation state of 2.5+

and two divalent cations. The O(4)—M bond lengths in the

tetrahedra are 1.96–2.06 Å, the average O(4)—M bond length

is 2.02 Å. The [O(5)M5]n+ pyramids are connected to each

other by the M(2)–M(2), M(3)–M(3) and M(2)–M(3) edges.

The O(5) atoms are surrounded by four metal cations with

oxidation state of 3+ and one divalent cation. The O(5)—M

bond lengths in the [O(5)M5]n+ polyhedra vary from 2.07 to

2.09 Å, hO(5)—Mi is 2.08 Å. The oxocentred polyhedra are

interconnected by the common M(5) vertices.

3.3. Thermal analysis

The DSC curve of vonsenite [Fig. S1(a)] shows several

thermal effects. The highest peak is within the range of 1513–

1590 K with a maximum at 1571 K and it corresponds to the

melting of the sample. Hulsite starts to melt at approximately

1504 K [Fig. S1(b)]. An exothermic effect of low intensity

within the range of 520–615 K in the DSC curve of vonsenite

corresponds to assumed prolonged oxidation of the Fe2+ to

Fe3+ oxidation in the sample, which starts at about 500 K

according to the Mössbauer spectroscopy data (see x3.1.2).
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Figure 7
The crystal structures of (a, b) vonsenite and (c, d) hulsite represented in terms of the oxocentred polyhedra in comparison with figures of thermal
expansion: the framework of vonsenite consists of different chains composed of the [O(4)M4]n+ tetrahedra and [O(2)M5]n+ tetragonal pyramids while the
framework of hulsite consists of alternative layers composed of the [O(4)M4]n+ and [O(5)M5]n+ polyhedra. The [OM4]n+ tetrahedra are colored in
turquoise, the [OM5]n+ tetragonal pyramids – in blue.
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The oxidation in hulsite occurs at about 600 K (see x3.1.3) and

it can be seen in [Fig. S1(b)] (DSC curve) as an exothermic

effect of low intensity within the range of 550–700 K. An

insufficient mass increase by approximately three relative

percent in the whole temperature range can be seen in the TG

curves of the minerals (Fig. S1), which is probably caused by

an increase of the oxygen content in the composition of the

samples due to a prolonged solid-phase decomposition of the

samples to hematite, �-Fe2O3, and warwickite,

(Fe,Mg)2(BO3)O (see x3.4). Fluctuations in the mass of

vonsenite, which are equal to �0.3 relative percent, cannot be

interpreted correctly, because these values are in the borders

of the accuracy of the determination of the weight (�2 relative

percent) (see x2.4).

3.4. High-temperature X-ray diffraction

3.4.1. Thermal behavior of vonsenite. As can be seen in

Fig. S2(a), vonsenite undergoes the solid-phase decomposi-

tion caused by the oxidation started at about 500 K. At the

HTXRD patterns this process is seen as appearance of peaks

of �-Fe2O3 and assumable[?] X-ray amorphous B2O3 at 610 K

(I), and then of a mixed-valent iron oxoborate warwickite,

(Fe,Mg)2(BO3)O, at approximately 900 K (II) [Fig. S2(b)].

The difference between the temperatures of the oxidation

determined by Mössbauer spectroscopy and HTXRD may be

due to the different experimental conditions such as the

heating rate. Peaks of vonsenite practically disappear after

1000 K (III). The change of the quantitative phase composi-

tion of vonsenite estimated by the Rietveld method with an

increase in temperature is shown in Fig. S3(a).

The temperature dependencies of the orthorhombic unit-

cell parameters as well as the volume [Fig. 8(a)] were

approximated using quadratic polynomials in the temperature

range 300–500 K (before the beginning of the oxidation

obtained by Mössbauer spectroscopy and subsequent solid-

phase decomposition) (Table S8).

The calculated thermal expansion coefficients at selected

temperatures are given in Table 2.

3.4.2. Thermal behavior of hulsite. The solid-phase

decomposition of hulsite begins at about 620 K (I) [Fig. S2(d)].

First, it decomposes to �-Fe2O3 (I), peaks of warwickite start

to appear at about 730 K (II). Peaks of hulsite practically

disappear after 1000 K (III). The change of the quantitative

phase composition of hulsite with an increase in temperature

is shown in Fig. S3(b). It should be noted that the amount of

warwickite is less (about 5 wt%) than that after the decom-

position of vonsenite (about 20 wt%). As it was noted by

Takéuchi et al. (1950), vonsenite is more structurally similar to

warwickite than hulsite.

The temperature dependencies of the monoclinic unit-cell

parameters as well as the volume [Fig. 8(b)] were approxi-

mated using quadratic polynomials in the temperature range

of 300–600 K (before the beginning of the oxidation obtained

by Mössbauer spectroscopy and subsequent solid-phase

decomposition) (Table S8). The calculated eigenvalues of

thermal expansion tensor at selected temperatures are given

in Table 3.

Near the critical temperature Tc ’ 383 K determined by

Mössbauer spectroscopy an unusual change of thermal

expansion coefficients is revealed [see �11 and �33 in Fig. S4].

This is caused by a fact that there is a minimum of values of

cell parameters and � angle at approximately 330–340 K. The

additional HTXRD experiment and its experimental data

processing confirmed repeatability of such change of the

parameters and calculated coefficients near the critical

temperature.

It is expectable to obtain[?] an abrupt change of thermal

expansion coefficients near a critical temperature, which is

consistent with thermodynamics on the abrupt change of the

coefficients as a second-order derivative of Gibbs energy

during the magnetic phase transition (Ehrenfest, 1933).

However, there is a partial magnetic ordering in hulsite that

should[?] be caused by a quasi-two-dimensional magnetic

structure. Below the critical temperature, some of planes are

research papers

8 of 11 Biryukov et al. � Mixed-valent iron borates vonsenite and hulsite Acta Cryst. (2020). B76

Table 2
Thermal expansion coefficients of vonsenite at selected temperatures (K).

Coefficient �
(�106 K�1) 300 350 375 450 500

�a 11.91 (4) 10.74 (2) 10.66 (2) 9.59 (1) 8.27 (3)
�b 12.81 (7) 11.87 (3) 11.78 (3) 10.93 (2) 9.86 (5)
�c 8.32 (4) 9.86 (2) 10.01 (2) 11.39 (9) 13.14 (3)
�V 33.1 (1) 32.5 (5) 32.6 (7) 31.9 (2) 31.3 (8)
�max/�min 1.5 1.2 1.15 1.2 1.6

Figure 8
Temperature dependencies of the unit-cell parameters of (a) vonsenite
and (b) hulsite.
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magnetically ordered, while others are not ordered. Probably,

due to this reason, an abrupt change is not observed, but only

the unusual one. Relation between the behavior of the crystal

lattice and magnetic ordering is intensively discussing[?please

reword], and is connected with coupling between strain and

order parameter (Salje, 1992; Magdysyuk et al., 2014).

4. Discussion

4.1. Thermal expansion of vonsenite and hulsite

The crystal structure of vonsenite expands slightly aniso-

tropically (Table 2). The temperature dependencies of the a

and b cell parameters increase monotonously [concave

dependencies in Fig. 8(a)] causing a decrease in the expansion

along these directions. Such thermal expansion is caused by

the prolonged Fe2+ to Fe3+ oxidation in the M(1) and / or M(3)

positions since it is known that the ionic radius rion of Fe2+ is

less than that of Fe3+ in octahedral coordination (Shannon,

1976). Thus, this process should lead to a shortening of the

M(1)—O and / or M(3)—O distances. The maximum expan-

sion is along the c axis, i.e. it is perpendicular to the planes of

the [BO3]3� triangles [Fig. 6(c)], which is consistent with the

principles of the high-temperature crystal chemistry of borates

(Bubnova & Filatov, 2013). Values of volume thermal expan-

sion coefficient decrease with an increase in temperature. The

decrease of the �11 and �22 coefficients, which is caused by the

prolonged oxidation, as well as the expansion of the structure

along the c axis, which is caused by the arrangement of the

[BO3]3� triangles, both lead to an insignificant degree of

thermal expansion anisotropy �max/�min (Table 2).

The structure of hulsite expands highly anisotropically

(Table 3). Thermal oscillations of the [BO3]3� triangles also

contribute to the thermal expansion of hulsite [Fig. 6(d)],

although, this contribution is less significant than for vonse-

nite. It is possible to consider the anisotropy of thermal

expansion of hulsite in terms of the theory of hinge defor-

mation of monoclinic and triclinic crystals (Filatov, 2011;

Bubnova & Filatov, 2013). According to the theory, the

maximum thermal expansion of monoclinic compounds

should be along one of the ac parallelogram’s diagonals if the

� angle changes. In this case, while the � angle increases the

maximum expansion at 600 K is along the direction that is

close to the longer diagonal of the parallelogram (�11 = 19.11

� 10�6 K�1) [Fig. 7(a)]. There is also a negative linear

expansion (contraction) with an increase in temperature,

which is practically along the c axis (�33 = �6.93 � 10�6 K�1)

that is probably due to the Fe2+ and/or Fe2.5+ to Fe3+ oxidation

in the M(1), M(4) and/or M(5) positions.

Values of volume thermal expansion coefficients for both

minerals that belong to a family of 3 Å wallpaper structure

compounds are practically the same at 300 K and decrease

with an increase in temperature due to the iron oxidation

process. The anisotropy of its expansion differs significantly

with an increase in temperature, in particular, due to the

specific arrangement of the oxocentred polyhedra. In the

structure of vonsenite, the [OM4]n+ and [OM5]n+ double chains

are located practically perpendicular to each other causing the

slight anisotropy of the expansion [Figs. 7(a) and 7(b)]. In the

structure of hulsite, [OM4]n+ and [OM5]n+ layers alternate with

each other causing the high anisotropy of the expansion in a

direction that is practically perpendicular to these layers

[Figs. 7(c) and 7(d)].

5. Conclusion

The mixed-valent iron oxoborates, orthorhombic vonsenite

and monoclinic hulsite, belonging to a family of 3 Å wallpaper

structure compounds were investigated by a set of high-

temperature in situ methods. In terms of the oxocentred

polyhedra, the structures of vonsenite and hulsite are

described as the frameworks composed of [O(4)M4]n+ tetra-

hedra and [OM5]n+ tetragonal pyramids that form double

chains and double[?] layers, respectively. Oxidation states and

distribution of iron and tin atoms in the oxoborates were

determined using Mössbauer spectroscopy and compared with

EDX and X-ray diffraction data. The temperatures of the Fe2+

to Fe3+ oxidation in vonsenite and hulsite are approximately

500 and 600 K, respectively. For the first time, the partial

magnetic ordering was observed in hulsite with TC at

approximately 383 K. The oxidation is accompanied by an

assumed deformation of crystal structures and subsequent

solid-phase decomposition to hematite and warwickite. This

process is seen at the temperature dependencies of unit-cell

parameters and volume as its monotonic increase (concave

dependencies). Near the critical temperature, the unusual
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Table 3
Eigenvalues of thermal expansion tensor of hulsite at selected temperatures (K).

�11 and �33 are the maximum and minimum thermal expansion coefficients in the monoclinic ac plane.

Coefficient �
(�106 K�1) 300 305 315 325 340 350 500 600

�11 14.80 (7) 14.56 (7) 14.41 (6) 14.33 (6) 14.42 (6) 14.57 (5) 17.63 (6) 19.11 (2)
�b = �22 7.45 (4) 7.52 (3) 7.61 (3) 7.75 (3) 7.91 (3) 8.06 (3) 10.51 (4) 11.56 (8)
�33 12.29 (6) 13.23 (6) 13.09 (6) 12.57 (5) 11.89 (5) 11.14 (4) �1.39 (5) �6.93 (5)
�c3 = (a33,c) (�) 82.2 72.9 62.1 45.2 36.8 32.6 23.6 23.1
�� 0.31 (2) 0.51 (2) 0.69 (2) 1.07 (2) 1.45 (2) 1.84 (2) 7.96 (1) 10.63 (2)
�a 13.35 (2) 13.41 (2) 13.45 (2) 13.56 (2) 13.67 (2) 13.77 (2) 15.45 (1) 16.19 (2)
�c 14.81 (8) 14.41 (9) 14.11 (9) 13.51 (8) 12.82 (9) 12.11 (8) 1.65 (8) �2.92 (8)
�V 35.5 (2) 35.3 (2) 35.1 (2) 34.7 (2) 34.2 (1) 33.8 (1) 26.7 (1) 23.6 (2)
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change of thermal expansion coefficients of hulsite was

revealed. Further research will be focused on understanding

the reasons of such a change and it will be necessary to

conduct a set of low-temperature experiments (magnetome-

tery, heat capacity, low-temperature Mössbauer spectroscopy

and X-ray diffraction). The eigenvalues of the thermal

expansion tensor were calculated for the oxoborates (before

the beginning of the oxidation and subsequent solid-phase

decomposition). The values of volume thermal expansion

coefficients of the compounds are comparable to each other.

Although thermal oscillations of [BO3]3� triangles contribute

to the anisotropy of thermal expansion of hulsite and vonse-

nite, the anisotropy differs significantly with an increase in

temperature and the reason for its difference is in the

contribution of oxocentred [OM4]n+ and [OM5]n+ polyhedra

that form different sequences of the double chains and double

layers in the structures of the oxoborates. In the structure of

vonsenite, the [OM4]n+ and [OM5]n+ double chains are located

practically perpendicular to each other causing the slight

anisotropy of the expansion. In hulsite, [OM4]n+ and [OM5]n+

layers alternate with each other causing the high anisotropy of

the expansion in a direction that is practically perpendicular to

these layers. The maximum expansion is along the direction

that is close to the longer diagonal of the ac parallelogram,

which is consistent with the theory of hinge deformations of

the monoclinic crystals.
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