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Refinement of the Crystal Structure of Triclinic 
Magnesium Pyroborate 

Stanley Block, Gordon Burley, Alvin Perloff, and Robert D. Mason, Jr. 

The t riclinic modification of MgzBz0 5 was classifi ed as a m ember of a n isostruct ural 
series which also includes MnzBz0 5, F ezBz0 5, and C02Bz0 5• The crystal st ru cture was re fi ned 
by the use of successive Fourier projections and a least-squares refi nement program on a n 
electronic computer. The structure of MgzBzOs consists of B20 5- 4 groups a nd MgH ions. 
Each magnesium atom is surrounded octahedrally by six oxygen ato ms, forming an extended 
sheet of octahedra. The pyro borate groups share corners wit h octahedra in t he sheals and 
t h.us link t hem. E ach boron atom is in planar triangula r coordi nation wit h t hree oxygen 
atoms. The pyroborate group h as t wo such t riangles with one shared oxygen. The angle 
between t he planes formed by t he t ria ngles is 16°. The average boro n-to-oxygen distance 
is 1. 38 A. 

I. Introduction 

As p nrt of an over-all s tudy of th e crys tal chemis try 
of bOl"aLes it was decided to study the crys tal s tru c
ture of m agnesium borate. The American Society 
for Testing M aterials fil e l1] 1 indicates tha t M gB20 4 

is isomorphous with t he corresponding m itnganou s 
and feTrous compounds. This series would bc an 
excellen t choice for s tudy because th e .VIn or F e could 
b e used to determine the approximate stru cture by 
h eavy atom techniques . The l\1g compou nd would 
t hen be used to determine the bond distances and 
angles accurately. 

Sillgle crys tal work 011 th c m agnesium compound 
was undertaken and t he cell constants were deter
mined . These indicated th at the m ag ll esium com
pound is isomorphous with 2CoO·B 20 3 [2] . In 
addi tion, t he pbase diagram of the system 1\lg0-B20 3 
[3] shows that t he solid crys tallizing from a melt of 
composition MgO·B20 3 will h ave t he composilion 
2M gO·B20 a since MgO·B20 3 docs no t exis t in 
equilibl"ium wit h the liquid. A monoclinic p hase 
and a iriclinic phase of manganous pyroborate were 
found . The ferrou s pyrobora te and the triclinic 
phase of manganous pyroborate were also proven 
isomOl"])ilous with th e cobalt and magnesium p.vro
borates, so that the correc t formula for the series is 
no t M.BzO. but M 2B20 S, where ~VI is M g+2, F e+2, 
]\111+2 or CO+2 

P y]:oborate ~ompounds have also been ill ves tigated 
by Takeuchi [4], who determined the crystal s truc
ture of suanite, which is the monoclinic form of 
m agnesium pyroborate. H e also suggested param
eters for th e tricl inic form . These parameters 
differed slightly from those determined by Berger 
for C02B20 5 [2]. It was deemed desirable to r efine 
t he structural p a.ram eters of the Mg2B20 5 in order 
t o defin e the B20 5 - 4 configuration accurately . In 
the X-ray scattering process the form factor is 
propor tional to the atomic number. Thus the Mg:B 
scattering ratio presented the most favorable case in 
tho i omorphous series for elu cidating the pyroborate 
config uration. 

1 :Figures in brackets ind icate the li terature references at the end of this paper. 

2 . Experimental Techniques 

Single crystals of F e2B20 5 and both phases of 
Mn2B20 5 were obtained by crystalliza tion from the 
mel t and cell constants ob tained on a Buerger preces
sion camera. The single crystals of M g2B20 5 used 
were eith er taken directly from a devitrifi ecl glass or 
recrys tallized from i t. D ata was ob tained on . a 
N onius integrating W oissen berg camera using Cu Ka 
radiation . Zero layers and b-axis upper layers were 
taken. In tegra ted in tensities were read direc tly on 
a densitometer comparator . Lorentz-polarizatiol1 
correcLions were applied according to t he m ethod 
give n by Lu [5]. 

95 

3. Structure 

3 .1. Space Group and Cell Constants 

:'lg2B20 s crys tallizes ill the trielini c system , space 
group PI. The cell dimensions were obtained from 
single-erys tal precession and Weissenborg data. 

The cell constan ts fo r th e :four members of Lhe 
isomorphous seri es arc given ill table 1. F or the 
:M g2B20 5 t he cell volume is 172 .0 1\..3 and the calculated 
density for two formllia units p er cell is 2.90 g/cm3 

(0 bserved 2.92 g/ cm3) • 

T A Bf"E 1. Cell constants for triclinic phases 

a b c ex {J l' 

---------------
lVl g2 B 20~ __ ___ G. 18, 9.21g 3. 11. 90°24' 92°08' ]04°19' 
:YrnZB20 5 _____ b. 2G, 9.57, 3.271 90°34' 91 °53' 104°55' 
F e2H20 S ______ 6. J82 9. 40, 3. 25, 90°37' 91 °29' 104° 10' 
00' 11,0 , ______ 5. 94 8. 95 3. 16 91 °0' 92°0' 103°54' 

:VI onoclin ic 

M 11 , 13 , 0 , _____ I 3. 252 

1 

9. 53, 

1 

9. 905 

1 

- --- - 1 110000' 

1 

- -- - --
1'21/C 

3.2 . Structure Determination 

The only well resolved projectlOn of the electron 
density for this structure was on the plane con taining 
the a and b axes, i. e., on (00 l). Preliminary refine-



ment was carried out by use of successive Fourier 
projections. The signs for the structure factors 
were uerived from the trial structure analogous to 
the C02B20 5, with Mg replacing the Co. The final 
Fourier proj ection is shown in figure 1. At this 
stage the reliability factor R, defined as 

was 0.125 for the 99 observed hkO nonzero reflections. 
The structure was in good agreement with the 
corresponding Patterson projection (fig. 2). It is 
essentially the same structure as proposed by 
rrakeuchi, with the origin shift ed by (!,!,O). 

The final stages of refinement consisted of a least
squares reduction of the data, using the electronic 
computer and the NYXRIA routine written by 
Sayre [6] and revised by Vand [7]. The zero and 4 
upper levels of vVeissenberg data around the b axis 
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FIGU RE 1. Fourier projection oj M g2B20 5 on the (001 ) plane. 

In order of increasing nnm ber of contour lines the atoms are B, 0 , and Mg, 
Half the nnit cell is shown for tbe centrosymmetric space grou p. 
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FIGURE 2. Patterson projection oj Mg2B 20 5 on the (001 ) plane. 

were used. The final R value for th e Mg2B20 s 
structure is 0.123, using 331 nonzero independent 
reflections. An isotropic temperature factor for 
each atom was used. The atomic coordinates and 
temperature factors are listed in table 2. Measured 
and calculated structure factors are given in table 3. 

TABLE 2. Atomic coordinates of triciinic \!(g2B 20 , 

X/a II /b zle R 

M g, .. .. .......... .. .... 0,2105 0, 3562 0. 7264 0, 70' A ' 
M g2 .............. .. .... . 3724 , 1026 ,2345 , 68 

0 , . . ............. . ..... . 6972 .0511 . 2631 .89 
0 2 ..................... . 0931 . 1784 . 2263 .89 
0 , . .. .................. . 4782 .2595 . 7376 . 79 
0 , .. . .................. . 8633 . 2995 .5604 . 97 
0 5, _______ ______ ___ ___ _ . 7224 . 5077 . 7709 , 78 

13, . . .............. .. ... . 6836 . 3538 , 6997 , 33 
H2 .. .. ....... .......... ,8814 . 1708 , 3392 , :17 

T ABLE 3. Calculated and observed stn,clur'e jactors jar 
triclinic Mg2B 20 5 
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k=O 

'--"" I 
0 + 1 + 2 +3 

'--h 

"" ._---

- 7 - 120 a 

191 

-6 + 23 
28 

- 5 -85 +3~ + 29 
96 3~ 37 

-4 + 228 - 26 - 77 
268 14 87 

- 3 + 295 - 68 -120 
339 58 124 

- 2 -~I + 140 + 76 
87 140 83 

- 1 - 22 + 205 + 16 
21 249 14 

0 - 156 - 532 + 33 
214 570 39 

+ 1 - 63 - 134 + 74 
75 170 87 

+ 2 - 259 + 160 + 139 - 140 
285 190 144 lUI 

+ 3 - 33 + 110 - 70 + 63 
40 no 68 69 

+ 4 -85 - 134 
86 131 

+5 -74 + 135 
71 146 

+ 6 + 20 - 40 
28 52 

+ 7 - 57 
71 

a Nnmbers with signs are ca.lculated structure factors and 
numbers without signs are observed values. 



TABl~E 3. Calculaled and observed slntclw'e factors for l1'iclinic MgzBzOs- Continucd 
k - I k-3 

~ -2 - I 0 + 1 +2 +3 

" ---------------- ~ -2 - 1 0 +1 +2 +3 

---- ------------ --------
- 7 - 35 - 101 -7 -32 - 11 9 +3-1 

33 102 34 120 39 

-6 -291 + 163 +221 - 120 -6 + 125 + 256 -127 - 135 
279 172 222 120 152 299 144 160 

-5 +56 - 46 +68 -5 - 47 +63 -20 -23 +25 
44 40 67 49 it 2-1 25 20 

-4 + 208 -60 -312 +52 +293 - 102 - 4 -20 - 44 + 123 - 124 - I I 
161 54 296 48 296 94 32 41 128 108 22 

-3 - 232 + 108 +2 13 -95 -54 -3 + 1l4 - 76 - 67 +77 
189 85 218 90 48 115 81 65 75 

-2 + lOl +79 +80 - 126 -2 + 21 - 138 -93 + 1'12 +68 
95 84 95 125 23 11 3 100 129 81 

- I +242 +3 - 15 - 118 - I +91 -12:3 -37 
267 34 30 99 55 124 3 1 

0 + 27 +88 - 159 0 + 134 + 45 -377 + 27 + 138 
26 91 157 144 09 426 31 144 

+ 1 -23 - 173 - 147 +204 + 97 
36 173 173 183 101 

+ 1 - 145 + 496 + 1.58 - 274 
123 513 1G8 298 

+2 -62 +227 - 164 
61 233 169 

+2 - 174 - 129 + 41 +63 -92 
174 134 37 62 i2 

+3 -243 + 128 -396 -57 +166 
257 129 424 56 165 

+3 +204 - 159 - 138 +(;0 + 124 
200 156 131 66 132 

+ 4 +83 -377 -93 +294 +37 - 127 
72 428 99 319 40 140 

+ 4 - 183 -51 + 158 + 40 -91 
194 51 14 2 45 107 

+5 - 16 - 107 + 145 HO 
41 127 157 61 

+5 - 49 - 106 + 168 +89 - 159 
60 11 :') 191 100 179 

+6 + 46 + 172 - 139 -59 +52 
41 208 151 64 45 

+G -5;' - '13 
58 54 

+7 +28 
28 

/:-2 "- I "-

" "" 
I 

-2 - I 0 + 1 +2 +3 

" "" ----~ ----- ------ ----- ----- --- ----

"- -3 - 2 - I 0 + 1 +2 

h ~ --- ---------- --
- 7 + 40 + 96 - 28 

4i 10.5 <I I 

-6 +27 - 21 + 52 - 16 -6 -25 - 153 -53 - 125 
26 23 53 20 28 135 63 135 

-5 + JJ 3 - 11 6 +13 +52 
103 112 a8 4 1 

-5 + 154 -85 - 195 + 12 +205 
158 94 15t 24 192 

- 4 -8.'; -68 + 187 - 21 -57 + 47 
66 48 li2 23 5.5 37 

-4 -80 +82 -3 +83 
63 69 41 69 

-3 -231 + 8 +634 -132 -3G7 
193 22 600 11 5 32J 

- 3 - 129 + 432 -73 - 390 
140 039 70 282 

-2 - 109 -399 + 30 + 232 -JOI -2 +230 -70 -252 +5 +230 - 11 8 
101 332 27 227 98 228 73 2 18 12 19 1 102 

- 1 -21 - 134 + 113 + 128 - 143 - I + 45 +56 - 195 - 153 +283 
22 107 J06 11 2 132 63 34 176 109 232 

0 + 134 - 134 -468 + 35 + 168 0 - 63 + 196 - 100 - 106 
144 107 480 30 li5 66 172 89 85 

+ 1 - 46 + 74 - 120 -38 +85 + 1 +58 - 139 + 24 +69 
37 78 119 ,10 82 60 138 47 58 

+2 -236 -09 + 228 -59 - 10 +2 -94 - 127 + 134 + 194 -216 
214 105 194 54 26 109 117 131 182 176 

+3 +74 -58 -32 +21 + 63 +3 +51 -39 -35 
61 56 33 24 58 52 29 34 

+4 + 135 - 20P, - 75 + 142 + 110 - 107 +4 -209 - 04 +233 + 100 
142 218 72 125 11 2 89 2 15 52 231 103 

+5 -54 +53 + 140 - 110 -63 +5 +80 + 136 - 140 -80 
59 64 

I 

145 127 59 

+6 -3 - 23 -33 
22 26 38 

108 134 157 76 

+6 +47 - 103 
65 131 

494595--59--2 97 



TABLE 3. Calculated and observed structure facto rs for triclinic Mg2B20 5- Continued 

1 ~ 0 

"", h -7 - 6 - 5 - 4 - 3 -2 - 1 0 +1 +2 +3 I +4 +5 

~""------ - ------------------ - -- - -----------
5 - 157 -53 + 1G8 

128 40 76 

6 -35 - 103 - 108 + 119 
40 87 95 106 

7 +41 +48 -81 - 155 +362 
52 41 67 134 310 

8 - 62 +145 +166 
65 146 161 

9 +2 13 -178 + 111 
216 186 107 

10 -35 - 121 + 85 
43 121 85 

11 +25 - 83 
33 85 

, 

3 .3 . Accuracy of Parameters 

Assuming a I5-percent error in the corrected 
observed intensities and an isotropic coordinate 
error the average standard deviations of th e bond 
lengths, estimated by the method of Cruickshank 
[8] are 

O"B_o= 0.018 A 
0"0_0 = 0.011 A 
O"Mg_o= 0.009 A . 

4 . Description of the Structure 

4. 1. General 

The structure of 1'lg2B20 5 consists of discrete 
pyroborate groups and Mg+2 ions. Each magnesium 
is surrounded octahedrally by six oxygen atoms. 
Sets of four octahedra are linked by edge sharing and 
propagated in the direction approximately parallel 
to (110) . These are extendcd in infini te slats 
parallel to th e c direction by edge sharing with the 
octahedra in the cells imm ediately above and below 
(fig. 3) . The pyroborate groupings extend this pat
tern through OrY- Br- Oy into an extended sheet. 
The slats of octahedra arc also linked normal to the 
propagation direction by the pyroborate groups. 
'rhis cross linkage is through Or- Bu-Ou and 
Om- Br- OrY. 

4 .2. Pyroborate G roup 

Each boron atom is in triangular coordin ation 
with till'ee oxygen atoms. The pyroborate group 
consists of two such triangles with one shared 
oxygen (fig . 4). In this coordination type boron 
should form three coplanar honds utilizing Sp2 hy
bridization, with interbond angles of 120°. In the 
1'lg2B20 5 structme, the two triangles are not identi
cal. Each has a different environment and non
symmetric bond lengths. The On- OrY distance 
is shorter than all oth er edges of the triangles. 
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-216 +308 + 11 4 -102 
198 279 lJ3 180 

+ 223 +101 +212 - 362 - 36 + 122 - 74 
209 96 204 362 50 149 80 

-90 - 176 + 145 + 61 -80 
77 182 147 61 105 

- 317 +65 +48 -49 + 39 
300 76 41 50 63 

-49 - 11 2 - 91 +93 
50 120 92 117 

+ 53 
73 

I 

I 

This is, however, the only edge of a triangle within 
the pyroborate group which is shared with an edge 
of a magnesium octahedron. Within each triangle 
there are two B- O distances averaging l. 39 A and 
one somewhat shorter at about 1.36 A. 'rhe mean 
value of all six B- O bonds is l.384• Within the 
B20 5-4 group. the Br- Orv- Bn angle is 134.5° and 
the angle between the planes of the triangles is 16°. 
Br and Bu are within 0.03 and 0.02 A, respectively, 
of the planes determined by the three coordinated 
oxygens. 

'rhe two outer oxygens in th e triangle surrounding 
Bn are coordinated as mq)ected to six magnesium 
atoms while the two peripheral oxygen atoms in the 
triangle surrounding Br are coordinated to only five 
magnesium atoms. The cen ter Ory is bound to both 
borons as well as one M g. Oy is only bonded to two 
magnesium atoms, as well as the central boron . All 
other oxygens are tied to one boron and three 
magnesiums. 

According to Pauling's electrostatic rules the 
strength of a bond from a cation Lo an anion is 
ziON, where z is the charge and ON the coordination 
number. (This rule is only strictly applicable for 
equal bond lengths and symmetric geometric ar
rangements .) Each boron atom is t ied to three 
oxygens ; the boud strength is 3/3. Each magnesium 
is bonded to six oxygens; the bond strength is 
2/6= 1/3. The total charge on the anion must be 
neutralized in the bonds, or a charge disproportioll
a tion occurs. Or, On, anel OIll are each bound 
to LhTee Mg and one B atoms. Thus their charge 
is neutral. The Oy, bound to two Mg and one B , 
has a - 1/3 charge. The Ory is tied to hoth borons 
as well as one Mg. Thus it has a + 1/3 excess charge, 
indicating a deviation from Pauling'S rule. These 
bond strength s are based on an equalized distribu
tion. Since the bond lengths vary they represen t 
only an idealized situation. Thus the cha.rge on Oy 
is prohabl~- equalized by the closer approach of the 
two Mg atoms. These same Mg are then bonded 
rather more loosely to the Ory and On atoms. 



FIGURE 3. Projection of the structure of iVlg2B20 5 on the (001 ) plane (x positzve to the right, y positive toward the top). 

Shaded circlcs are M g, small circles B, large circles O. The numbcrs indicate the z I)aramcter. 
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The structure consists of BZ0 5-4 groups and 11g+2 
ions. Eaeh magnesium has a sixfold eoordination 
with oxygen atoms . Sets of four joined Mg- O 
octahedra along the (110) direetion are extended 
infinitely parallel to the c axis. These sets of octa
hedra are linked togeth er by pyroborate groups into 
sheets approximately along (llO) with cross linking 
normal to this direction . 

The pyrobol'ate group eonsists of two joined 
B03-3 triangles sharing one corner oxygen. Thp. 
B- O- B angle is 134.5° and th e boron atoms are in 
the plane defined by th e three surrounding oxygens. 

Within th e limits of error , all B- O distances are 
equivalent. One side of a triangle is significantly 

FIGURE 4. Projection of the pyroborale group showing all in- shortened beeause of edge sharing with a magl1(~s ium 
teratomic distances in angstrom units. oetahedron. 

The best refined borate structure to date appears 
to b e that of orthoborie aeid [9]. This structure 
consists of discrete B03-3 triangles and the average 
of all B- O bond distances obtained was 1.361 A. 
This m ay b e compared with the 1.384 average 
oxygen-boron dis tance obtained for Mg2B20 S above. 
The average 0 - 0 in teratomie distance within a 
B03-3 trian gle for boric acid is 2.356 A, compared 
to 2.395 A in th e present strncture. 

5 . Summary 

The triclinic modification of magnesium pyro
borate MgzB 20 5 h as been shown t.o be a member of 
an isostructural series, the oth er m embers of which 
are Mn2B 20 5, Fe2B20 5, and C02B20 5. The atomic 
parameters of th e Mg2B 20 5 have b een refined by 
Fourier and least-squares teclmiques. 

The authors tha nk C. T. I r eland for performing 
some of the earlier computations and Peter O'Hara 
for aid during the computing procedures. K :M. 
Lovin pointed out th e r elationship of the phase 
diagram and correct molecular formula. 
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