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Investigation of the vaterite-  calcite 
transformation by ESR spectroscopy 
using i n  2+ ions as a tracer 

B. F U B I N I * ,  F. S. S T O N E  
School of  Chemistry, University' of  Bath, Bath, UK 

Vaterite (CaCO 3 ) containing 50 ppm Mn 2+ as an electron spin resonance (ESR) tracer has 
been subjected to various heat treatments at temperatures up to 500 ~ C in order to moni- 
tor  the transformation to calcite. Samples have been examined both by X-ray powder 
dif fract ion and ESR spectroscopy and the results from the two techniques are correlated. 
In contrast to the smeared ESR signal in vaterite, the sharp ESR spectrum of Mn-doped 
calcite enables its crystall ization to be followed, and it is shown that the transformation 
occurs progressively. There is no sharp transition temperature, although the rate becomes 
very rapid at 400 ~ C. The ESR spectum of polycrystall ine calcite prepared from vaterite 
shows differences of detail from that of calcite precipitated at room temperature, notably 
in respect of a strong signal at 0 = 0 ~ and a weaker response from transitions other than 
M = �89 ~ M = --  �89 These features are attr ibuted to variations in the axial field parameter D 
for the paramagnetic Mn ions in the sample. 

1. Introduction 
Calcium carbonate is known in three crystalline 
modifications, namely calcite, aragonite and 
vaterite. Calcite is the thermodynamically stable 
form at room temperature, but aragonite and vate- 
rite can be obtained as metastable forms. Many 
factors influence the formation of the individual 
polymorphs, notably supersaturation [1], tem- 
perature [2], CO2 partial pressure [2], mechanical 
pressure [3] and the presence of foreign ions 
[4 -7 ] .  

In this paper we are concerned with calcite and 
vaterite. These polymorphs differ in various pro- 
perties [8-11 ], but the main structural distinction 
is that the planes of  the carbonate groups are per- 
pendicular to the c-axis in calcite and parallel to it 
in vaterite, and as a result the co-ordination of  the 
Ca 2. ion is different in the two modifications. 

At room temperature vaterite can be trans- 
formed irreversibly into calcite on digestion in 
aqueous media. It is also transformed into calcite 
by thermal treatment in the dry state. However, 

the temperature of transition is not clearly 
defined. Values in the range 375 to 400 ~ C have 
been quoted [12, 13] but Rao [14] has reported 
that the rate of transformation is immeasurably 
low below 450~ Turnbull [15] has recently 
made a detailed thermochemical study of vaterite. 
He considers that the discrepancies regarding the 
transformation to calcite can be ascribed to dif- 
ferent levels of impurities and to variations in 
excess energy arising from small crystallite size 
and from lattice disorder and distortion [ 16]. 

The calcium ions in vaterite are in a distorted 
8-fold co-ordination with oxygen, but in calcite, 
with its higher symmetry, the co-ordination of 
calcium with oxygen is 6-fold octahedral. In view 
of this distinction, we considered that it should be 
possible to obtain useful information about the 
transformation by means of Mn 2+ as an ESR 
tracer, the hyperfine structure being definitive for 
a high-symmetry crystal field [17-19] .  

Mn 2+ in calcite single crystals has been exten- 
sively studied by ESR [20-29] .  Brief atte;ation 
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has also bee n paid to crushed single crystals and 
microcrystalline calcite [20, 30, 31]. Since the 
vaterite-calcite transformation has necessarily to 
be studied on powdered samples, it was important 
for the present work that the ESR spectrum of 
powdered Mn2+-calcite should be investigated. We 
therefore report in this paper on the spectrum of 
Mn 2+ in polycrystalline calcite and vaterite as well 
as on variously heated vaterite samples in relation 
to the vaterite ~ calcite transition. 

An X-ray powder diffraction study of the tran- 
sition is also reported and correlated with the ESR 
work. 

2. Experimental procedures 
2.1. Preparation of Mn-doped calcite and 

vaterite 
Mn-doped calcite (100ppmMn) samples were 
obtained by slowly dripping a solution of 0.2M 
Ca(NO3)2 containing the appropriate amount of 
Mn(NO3)2 into a 0.5M (NH4)2CO3 solution at 
room temperature. Nitrogen was bubbled through 
the solution during precipitation and the filtered 
precipitate was washed with water under the pro- 
tection of a CO2 layer (obtained by having dry ice 
in the filter funnel) in order to avoid any oxidation 
of the Mn 2+ ions. Prolonged contact with the 
mother liquor is known to favour the formation of 
calcite. 

Mn-doped vaterite samples were prepared by 
the same precipitation procedure but favouring 
the formation ofvaterite by carrying out the oper- 
ations at 60 ~ C [1], washing the preciptate with 
ethanol instead of water and by lowering the Mn 2§ 
content to 50 ppm. The vaterite samples contained 
only a very small proportion of calcite. X-ray dif- 
fraction analysis showed that the vaterite phase so 
obtained was stable for at least one year at room 
temperature. 

A sample of Mn-doped calcite (10 ppm) was also 
prepared in order to have calcites with higher and 
lower manganese content than the vaterite samples. 

Samples prepared by the above procedures have 
been found to have surface areas (determined by 
N2 adsorption at 77 K) of 25 to 30 m 2 g-l ,  indi- 
cative of a mean particle size, assuming low poro- 
sity, of about 100 nm. 

2.2. Techniques 
X-ray diffraction analysis was performed by the 
Debye-Scherrer method using a l14.6mm dia- 
meter camera and CuK~ radiation. Samples were 

placed in 0.5mm Lindemann glass capillary 
tubes. Optical density measurements of X-ray 
films were performed with a Joyce Loebel record- 
ing microdensitometer. 

ESR spectra were recorded with a Varian E-3 
spectrometer using X-band (9.53 GHz) radiation. 
All spectra were recorded at room temperature 
and in air; however, no changes in the Mn 2§ spec- 
trum in CaCO3 were found when recorded under 
vacuum. In order to obtain undistorted line shapes, 
low values of modulation amplitude (<0.5  G) 
were used. The microwave power was kept as low 
as possible to avoid saturation. 

2.2. 1. Procedure for transformation o f  
vaterite 

Mn-doped vaterite (50ppm Mn) was heated in a 
furnace for successive periods of about 3 h at tem- 
peratures of 300, 380, 410 and 430 ~ C, with cool- 
ing after each period. The resulting solids will be 
referred to as Vat 1, Vat 2, Vat3 and Vat 4, 
respectively. Vat 0 indicates the untreated sample. 
In order to be sure that the transformation to 
calcite was complete after 3h  at 430 ~ C, one 
additional long period of heating (20 h) was per- 
formed at 500 ~ C (Vat 5). A further thermal treat- 
ment at 600~ initiated calcite decomposition. 

X-ray diffraction and ESR measurements were 
made on cooling to room temperature after each 
thermal treatment. 

3. Results 
3.1. X-ray diffraction analysis 
3. 1.1. Calcite 
X-ray diffraction patterns from the calcite samples 
were characteristic of weU-crystaUized calcite and 
showed no lines from other CaC03 polymorphs. 

3. 1.2. Vaterite 
Vat 0 exhibited the diffraction pattern of vaterite, 
with some very feeble lines from calcite. This is 
usual for laboratory preparations of vaterite. To 
determine the amount of calcite (and also to deter- 
mine the amounts of calcite in Vat 1 to 5), a cali- 
bration curve was constructed [32]. Weighed 
amounts of calcite were added to the most pure 
vaterite obtainable (gannet egg shells) [33], and 
the relative peak intensities of the calcite (1 04) 
and vaterite (112) lines were measured. The cali- 
bration curve is shown by the continuous line in 
Fig. 1. In this way the amount of calcite in Vat 0 
was evaluated to be 5% or less. 
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Figure 1 Evaluation by X-ray 
diffraction of the calcite con- 
tent of vaterite samples heated 
to different temperatures. The 
solid curve is a calibration curve 
obtained using known mixtures. 

The development of  calcite from vaterite by 
thermal treatment is illustrated in Fig. 1, where 
intensity ratios for Vat 0, Vat 1, Vat 2 and Vat 3 
are indicated. Using the calibration curve it is then 
seen that a progressive transformation into calcite 
occurs in these finely divided materials. An 
increase in the amount of  calcite is detectable 
already at 300 ~ C, far below the stated transfor- 
mation temperatures [ 1 2 - 1 4 ] .  With the heating 
intervals chosen (3 h), the largest change occurs 
between 380 and 410 ~ C. However, there is no 

evidence of  an abrupt transformation. X-ray pat- 
terns from Vat 4 and Vat 5 were identical to those 
from the prepared calcite samples, and all lines of  

vaterite were absent ( [ e a l e i t e ( l O 4 ) / I v a t e r i t e ( l l 2 )  = 
oo). The transformation is therefore complete at 
430~ 

3.2. ESR spectra 
3.2. 1. Mn  2 + in po lycrys ta l l ine  calcite 
The ESR spectrum from divalent manganese in cal- 
cite (100ppm) is shown in Fig. 2. The spectrum 
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Figure 2 ESR spectrum of Mn 2+ in precipitated calcite powder (100 ppm Mn). 
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from the sample with the lower Mn 2+ content 
(10ppm) is the same, except for the intensity of 
the lines, and therefore is not reported. No change 
in the spectrum occurred when the samples were 
heated. 

The major features of  the spectrum are two sex- 
tuplets of  lines, close to each other, indicated in 
Fig. 2 as "a" (solid line) and "c" (dotted line), 
whose components have comparable intensity. The 
spacing between the "a" components and the spac- 
ing between the "c" components both increase 
with increasing field, the effect being more marked 
with the "c" components. Between "a" and "c" 
lines are components of another, but very weak, 
sextuplet, indicated in Fig. 2 as "b" (dashed line), 
whose spacings are the same as for the "a"  sextup- 
let. Not all six lines of the "b"  sextuplet are visible 
because of the overlap with the "c"  sextuplet at 
the low field end. Finally, in each of the five 
ranges between the sextuplet components a pair of  
weaker lines occurs. 

Minor features are weak lines both between the 
sextuplet components and outside them. The weak 
lines falling in the outer parts of  the spectrum are 
shown in Fig. 2 at higher amplification. 

The spectrum differs from that reported for 
crushed single crystals [20, 30, 31] in respect of 
the presence of sextuplet "b"  and a much more 
detailed set of  weak lines, both outer and inner. 

3.2 .2 .  Mn 2+ in polycrysta/line vaterite 
Fig. 3 shows the ESR spectrum due to 50ppm 
Mn 2+ in vaterite (Vat 0). The overall intensity of  
the spectrum is very low (only a few per cent of 
that of  a calcite sample with the same Mn 2+ con- 
tent) and a particularly high amplification (x 60) 
was needed to record it. Despite tl'Js fact, it is pos- 
sible to observe that all the lines in Fig. 3 coincide 
in position with the major lines in Fig. 2 and that 
no new lines are detectable. The spectrum in 
Fig. 3 is therefore consistent with a conclusion 
that there are traces of  Mn-containing calcite 
present in the vaterite sample but that the charac- 
teristic spectrum of Mn ~+ in vaterite per se is not 
observable on account of the low site symmetry 
leading to a completely broadened signal. Changes 
in the ESR spectrum on heating can therefore be 
used specifically to observe the growth of calcite. 

3.2.3. Mn 2 + spectra during vaterite--calcite 
transformation 

Beginning with Vat 0, each thermal treatment up 

to 430 ~ C caused an increase in the overall inten- 
sity of the spectrum, and a further but slight 
increase occurred also above this temperature. 
However, the line positions and the relative inten- 
sities of the lines are all the same. The most intense 
(Vat 5) is shown in Fig. 4. 

The Vat 5 spectrum of Fig. 4 (and those of 
Vat 0 to 4) are basically similar to that of Mn 2+ in 
directly precipitated calcite shown in Fig 2, but 
there are some differences in the relative intensi- 
ties of the lines. We comment on this in the next 
section. 

All spectra were obtained under identical con- 
ditions, so that we may assume, as a rough measure 
of the overall intensity, the height of the m = 
5/2 peak. Although a double integration of the sig- 
nals would yield a more accurate measure of the 
intensity, the peak height can be assumed as an 
intensity measure when, as in the present case, the 
shape and linewidth of the peak remains unaltered. 
The variation of this intensity along the series 
Vat 0 ~ Vat 5 is reported in Fig. 5a as a function 
of heating temperature. In Fig. 5b the intensity is 
plotted against the percentage of calcite, using 
data for the latter evaluated from Fig. 1. 

Taking into account the inaccuracies inherent 
in both the X-ray diffraction and ESR intensity 
measurements, Fig. 5b shows a very satisfactory 
proportionality between ESR intensity and per- 
centage conversion. This relationship further sup- 
ports the conclusion that Mn 2§ ions are exhibiting 
a structured ESR signal only in the calcite phase. 

The intensity against temperature curve (Fig. 
5a) is sigmoidal, with a point of inflection at about 
410 ~ C. The Vat 5 value, which was obtained after 
prolonged heating at 500 ~ C, can be considered as 
a limiting value, but it should be borne in mind 
that the intensity may rise between Vat 4 and 
Vat 5 due to slow surface crystallization in the 
calcite phase rendering more of the Mn 2§ ions in 
that phase visible by ESR. 

3.2.4. Mn 2+in calcite from vaterite 
As already stated, the spectrum of Vat 5 (Fig. 4) 
is basically the same as the calcite spectrum 
(Fig. 2). However, three main differences may be 
discerned: 

(i) the sextuplet "b"  is definitely more intense 
in calcite ex vaterite (Fig. 4) than in directly pre- 
cipitated calcite (Fig. 2); 

(ii) the fine structure lines (compare the outer 
parts of Figs 2 and 4) are extremely weak in cal- 
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Figure 5 Intensity of the ESR spectrum of Mn 2+ during the vaterite~ calcite transformation as a function of (a) the 
temperature of thermal treatment and (b) the calcite percentage as determined by X-ray diffraction. 

cite ex vaterite, and definitely much less intense 
than in the case of  precipitated calcite; 

(iii) the overall intensity of  Vat 5 spectrum is 
only about 40% of  that  expected for precipi tated 
calcite with 50 ppm Mn, as deduced from a com- 
parison with the spectral intensitites for the 10 
and 100 ppm Mn-containing calcite. 

4. Discussion 
The spin Hamiltonian appropriate for Mn 2+ in a 
crystal with an axial field (such as calcite) [ 3 4 -  
36] is 

Js = g[3H'S+D[S2z --~S(S + 1)] + AS'[ .  

(1) 
The subscript " z "  refers to the axial symmetry  
axis, D is the axial field parameter and A is the 
nuclear coupling constant. A and g are assumed to 
be isotropic. This Hamlltonian accounts satisfac- 
tori ly for the spectrum of  Mn 2+ in calcite single 
crystals provided that one considers that  there are 
two non-equivalent positions for the cations in 
the structure [22, 24, 29] .  

The spectrum of  crushed calcite single crystals 
has been interpreted by Bleaney, Rubins and 
Abraham [37,38]  as follows. The resonance 
field for transitions other than M = ~ o M  = - -  �89 
varies very rapidly with the angle between the 
principal symmetry  axis and the field. For  this 

1 reason, transitions other than M =  ~ ~ M =  2 
are almost smeared out in powdered specimens, 
where 0 assumes a random value because of  the 

random orientat ion of  crystaUites. Random orien- 
tat ion also causes signals to pile up at two particu- 
lar 0 values, namely 0 = 90 ~ and 0 ~ 42 ~ The cen- 
tral allowed sextuplet (M = �89 ~ M  = --  �89 �9 Am = 

0) is therefore expected to split in powders into 
two sets of  six fines. One set (0 = 90 ~ shows a 
constant shift with respect to the unperturbed 
spectrum, i.e. the six hyperfine fines are equally 
spaced. The other set (0 ~ 42 ~ shows a linear 
dependence of  the position o f  the hyperfine 
lines upon m. This is more precisely seen from the 
relation for the energies o f  the levels concerned in 
the M = �89 ~ M = --  �89 transition 

E+�89 = E ~  

D2sin40 D2cos2OsinZO (72Am ] 
+- ~ • g(3H \- ~-~ 8] (2) 

where E~ are the energies of  the unper turbed 
levels [39]. For  0 = 90 ~ the third term, which 
depends linearly upon rn, vanishes whereas the 
second term introduces a constant shift. For  0 
42 ~ the third term is non-vanishing. The spacing 
for all lines is, however, affected by  second-order 
terms proport ional  to A2/H, so that  even for the 
case of  0 = 90 ~ some small increase of  spacing 
with increasing field will occur. 

2445 



4.1. ESR spectrum of Mn 2+ in 
polycrystall ine calcite 

The above synopsis provides the basis for under- 
standing the spectrum of  Mn 2. in polycrystalline 
calcite shown in Fig. 2. The major feature is the 
sextuplet from the allowed (&m = 0).transition 
M = �89 ~ M  = -- ~. Th~ five pairs o f  lines between 
the intense lines o f  the sextuplet are the forbidden 
(Am = + 1) transitions, well developed in this case 
because of  the strong axial field [38].  The intense 
sextuplet lines are each composed of  three com- 
ponents (designated "a",  "b "  and "c"  in Fig. 2). 
The strong component "a", for which the spacing 
is only slightly dependent on field, is identified as 
the 0 = 90 ~ signal, whilst the strong component 
"c",  which has an increased spacing indicating 
dependence both on H and on m, is identified as 
the 0 ~ 42 ~ signal. The weak component "b"  has 
the same spacing characteristics as component "a",  
and can be accounted for by a third signal for 
which 0 = 0 ~ The above equation for E_+I/2 shows 
that a signal with 0 = 0 ~ would not depend on m, 
but would exhibit a constant shift from the signal 
0 = 90 ~ as observed. Whereas 0 = 90 ~ and 0 
42 ~ signals arise as piling-up effects from the 
polycrystalline nature of  the sample (but with D 
constant), the 0 = 0 ~ signal is explained by the 
occurrence o f  variable D values in the sample [39].  
Line positions depend on D more strongly at 0 = 
90 ~ than at 0 = 0 ~ [40],  so the effect is to pro- 
duce some broadening of  the 0 = 90 ~ signal and 
to allow the 0 = 0 ~ signal to emerge distinctly. 

Such 0 = 0 ~ signals were observed by Barry and 
Lay [39] in Mn2+-exchanged zeolites. It remains 
to comment on the weak lines present throughout 
the spectrum but which are most clearly mani- 
fested in the outer regions (magnified in Fig. 2). 
These correspond to the other AM=_+ 1 tran- 
sitions, namely, M = + 5/2 ~ + 3/2, + 3/2 ~ + 1/2 
expected for the Mn 2+ 6Ss/2 configuration, which 
are not completely smeared out. In contrast to the 
M = ~ ~ M  = -- !2 case, which is unsensitive to the 
two non-equivalent cation positions in the struc- 
ture [22],  these AM = + 1 transitions may be split 
by this effect. It is of  interest to note that the 
outer spectral lines (shown magnified in Fig. 2) are 
indeed split. 

The most significant difference between the 
spectrum of  Mn 2+ in our polycrystalline calcite 
(surface area 25 to 3 0 m  ~ g- l ;  d ~  100nm) and 
Mn 2* in crushed single crystals of  calcite is the 
presence of  the " b "  component corresponding to 

/9 = 0 ~ As already indicated, this can be accounted 
for by heterogeneity in the value o f  the axial field 
parameter. We suggest that this is due to the small 
crystallite size, with many subsurface Mn 2+ ions 
able to "feel" the truncating effect of  a surface or 
the distorting effect of  a crystal imperfection on 
the local coordination. 

4.2. ESR spectrum of Mn 2+ in 
polycrystall ine vaterite 

No structured signal due to Mn 2+ in vaterite 
was observed. This closely resembles the result of  
Low and Zeira [30] who found no ESR spec- 
trum of Mn 2+ in aragonite at room temperature. 
However, they did find that a spectrum developed 
in aragonite on heating the solid. Their explan- 
ation was that manganese ions were present as 
Mn 3+ in their mineral sample, but that reduction 
to Mn 2+ occurred on heating. We regard an explan- 
ation based on the presence o f  Mn a* as unlikely 
in our case, since special precautions were taken 
to avoid oxidation during preparation and no 
obvious source of  electrons is available for 
reduction on heating. Moreover, there seems no 
good reason to expect Mn 3+ in vaterite and not 
in calcite. No increase in our calcite ESR spec- 
trum occurred when polycrystalline calcite was 
heated. 

We consider that a more likely explanation 
for the non-appearance of  a characteristic Mn 2+ 
ESR spectrum in vaterite is that there is a very 
heterogeneous local co-ordination around the 
Mn 2+ ions, leading to large variations of  the 
axial field parameter D and smearing out of  the 
signal. Compared to calcite, precipitated micro- 
crystalline vaterite shows X-ray line broadening 
and lattice distortion [16]. Vaterite has a lower 
density, a higher entropy [15] and a lower crystal 
symmetry than calcite. The cation co-ordination 
with oxygen is especially relevant with respect to 
the replacement of  Ca 2+ by Mn 2+. In vaterite the 
co-ordination is distorted 8-fold cubic [11] as 
compared with 6-fold octahedral in calcite. The 
cation site is therefore larger in vaterite. The 
replacement of  Ca 2+ by Mn 2. in calcite is already 
adversely affected by the size disparity (Mn 2+ 
is 20% smaller in radius than Ca2+), and this will 
be further accentuated in vaterite. It is probable, 
therefore, that there will be a local adaptation o f  
the oxygen environment when Mn 2. is placed in 
the 8-fold hole, but  it is unlikely to be unique at 
all sites. 
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4.3. Transformation of vaterite to calcite 
Vaterite is a metastable phase, so no transition 
point in the thermodynamic sense is expected. The 
conversion is a kinetically controlled process and 
therefore it is not surprising that samples prepared 
in different ways by different workers have led to 
different results. According to Rao [14] the acti- 
vation energy is high (> 360kJ mo1-1 ), and this is 
indicative of a nucleation process. The sigmoid 
shape of Fig. 5a can be understood on this basis. 

The inflection point (410 ~ C) in Fig. 5a is close 
to the transition temperatures cited in previous 
work [12, 13]. Rao [14], however, states that the 
transformation is "immeasurably slow" at 450 ~ C, 
but this is clearly incompatible with both our X- 
ray data (Fig. 1) and our ESR data (Fig. 5a). It 
may be argued that the presence of Mn 2§ ions in 
the structure itself favours the transformation, in 
spite of the low concentration (50 ppm). However, 
this is ruled out by the linear relation shown in 
Fig. 5b. If  Mn 2§ acted as a nucleation centre for 
the transition, the intensity of the ESR spectrum 
of Mn 2+ in calcite would develop more quickly in 
the initial stages than the X-ray pattern of the cal- 
cite structure. This is not the case. The percentage 
conversion estimated by ESR analysis is closely 
parallel to that estimated by X-ray analysis. 

It remains to discuss the spectra of the vaterite 
samples before and after transformation to calcite. 
The spectrum o f  Vat 0 (Fig. 3) shows that the 
ESR technique is a sensitive indicator for calcite 
impurity. From the fact that the straight line in 
Fig. 5b passes through the origin one may infer 
that there is no enrichment of  Mn 2+ in the calcite 
phase. Taken together with the fact that Mn 2+ in 
vaterite does not give a structured spectrum, this 
means that ESR in the presence of the Mn 2§ probe 
is a very suitable way to follow the transformation. 

The ESR method reveals information which is 
additional to that obtainable by X-ray diffraction 
in respect of the local site symmetry. All vaterite 
samples and also the sample of  calcite ex vaterite 
exhibit differences from Mn 2+ in precipitated cal- 
cite, showing that some features of  the initial 
vaterite are not completely removed on conversion 
to calcite and annealing at 500 ~ C. These features 
are: (i) a strong smearing out of all the fine struc- 
ture due to the M =  + 5/2 ~ +  3/2,+ 3/2 ~ +  1/2 
transitions, as evidenced by a comparison of the 
outer parts of the spectrum in Figs 2 and 4, 
respectively, (ii)a more intense "b"  sextuplet in 
comparison with the ,,a,, and "c" sextuplets (most 

easily seen in the central part of the spectrum), 
and (lii) an overall spectrum which although of the 
expected linewidth is less intense than in directly 
precipitated calcite. All of  these features are attri- 
butable to small fluctuations in the axial field 
parameter D. 

5. Conclusions 
The work has shown that Mn 2* is a satisfactory 
ESR probe in monitoring crystallization during the 
growth of a new phase. The hyperfine structure 
reveals characteristics of the cation site symmetry 
in the resulting polycrystalline solid which are not 
detectable by X-ray analysis. The detail further- 
more distinguishes between effects of multiple site 
symmetry and distortion and thereby acts as a 
fingerprint for the biography and origin of the 
crystals. The method should be capable of appli- 
cation also to chemical transformations and to 
crystallite growth in ionic materials of techno- 
logical importance. 
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