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Raman microscopy has 
been used to characterize 
the basic copper(II)nitrate 
gerhardtite.  
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Abstract 
 

 Raman spectroscopy has been used to study the nature of gerhardtite, a 
naturally occurring basic copper(II) nitrate of formula Cu2NO3(OH)3.  Raman spectra 
at 77 K show four bands at 3557, 3548, 3467 and 3409 cm-1 in accordance with the 
crystal structure with three non-equivalent hydroxyl groups. Estimations of hydrogen 
bond distances of 0.3019, 0.2987, 0.2855 and 0.2804 pm are obtained. Cooling to 
liquid nitrogen temperatures did not affect these values.  Two bands are observed at 
1048 and 1052 cm-1 in the NO3 stretching region.  Cooling to liquid nitrogen 
temperature altered the ratio of these nitrates from 3/1 to 1/3.  Two sets of bands in 
the antisymmetric stretching region of the nitrate in the 77 K spectra suggest that there 
are two non-equivalent nitrate anions in the gerhardtite structure at liquid nitrogen 
temperature.   X-ray crystallography suggests three independent oxygens in the one 
nitrate group. The shift in band positions on obtaining Raman spectra at 298 and 77 K 
indicates a phase change is occurring for the mineral upon cooling to 77 K.  
 
Keywords: gerhardtite, likasite, copper nitrate, Raman spectroscopy, infrared 

spectroscopy 

Introduction 
 

Naturally occurring nitrate minerals are found in a number of different 
environments, but mainly in areas of high evaporation or in arid climates. This is due 
to the generally high solubility of nitrate salts in water. Exceptions are the metastable 
nitrate-bearing members of the hydrotalcite groups and certain basic copper salts. 1 
Simple nitrates are found in significant quantities in dry caves where rates of 
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evaporation are significant. The nitrate in this case (together with the ammonium ion 
in the case of gwihabaite) is usually derived from the decomposition of bat guano or 
the leaching of nitrate-bearing volcanic or sedimentary rocks. 2 Some of the simple 
anhydrous species such as NaNO3 are also formed as ephemeral efflorescences on 
rock faces and in playa lakes in arid climates. Aside from this, both simple and 
complex nitrates, save again for the basic salts, are present in quantities amounting to 
millions of tonnes in the celebrated caliche deposits and the oxidised zone of the 
Chuquicamata copper deposit of the Atacama Desert, Chile. 1 Nitrate-bearing 
hydrotalcites such as hydrombobomkulite (Ni,Cu)Al4[(NO3)2,(SO4)](OH)12.12-
14H2O, mbobomkulite, the analogous trihydrate, nickelalumite, 
(Ni,Cu)Al4[(SO4),(NO3)2](OH)12.3H2O, and sveite, KAl7(NO3)4Cl2(OH)16.8H2O, are 
very rare species confined to one or two localities. 1 

 
 The basic copper(II) nitrates are an exception to the above pattern of 
distribution in that they are found sparingly in the oxidised zones of a number of 
copper ore bodies in varying environments. Perhaps the most common of the minerals 
are members of the buttgenbachite-connellite series. The formula of buttgenbachite, 
ca Cu36(NO3)2Cl8(OH)62.4-10H2O, is complicated by the fact that it is involved in a 
complex solid-solution series involving the sulphate analogue, connellite. 3 Various 
amounts of chloride and hydroxide ions are found in the lattice depending upon the 
composition of the solution from which the mineral crystallises and with respect to 
requirements for charge compensation. 4 Connellite, the sulphate-dominant analogue, 
almost invariably carries some nitrate. Three basic nitrates of simpler stoichiometry 
are known. These are gerhardtite and rouaite, Cu2NO3(OH)3, and likasite, 
Cu3NO3(OH)5.2H2O. 5,6 
 
 The presence of the nitrate ion in the minerals lends itself to vibrational 
spectroscopic study and, indeed, use of Raman spectroscopy to study nitrates is 
embedded in the history of the technique. 7-11 Nevertheless, it is apparent that very 
few spectroscopic studies of the group have been forthcoming, despite their 
importance as corrosion products of copper and copper alloys in certain environments. 
12-14 Further the Raman method is potentially of great use in the identification of such 
species when they are present in small amounts and mixed with other phases. Thus we 
have begun a study of the less soluble nitrate minerals and report here the results of a 
study of gerhardtite. 
 
Experimental 

Minerals 
 
A sample of gerhardtite from the Great Australia mine, Cloncurry, Queensland, 
Australia, was obtained from the collections of the South Australian Museum 
(specimen number G17450). The sample was analysed for phase purity by powder X-
ray diffraction techniques (Philips PANalytical X’ Pert PRO diffractometer) and for 
composition by SEM (EDAX) methods. With respect to the latter, the only element 
detected was Cu; N and O are of too low an atomic number to be observed by the 
instrument used (FEI Quanta 200 SEM.). 
 
Raman microprobe spectroscopy 
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The crystals of the mineral were placed and orientated on the stage of an 
Olympus BHSM microscope, equipped with 10x and 50x objectives and part of a 
Renishaw 1000 Raman microscope system, which also includes a monochromator, a 
filter system and a Charge Coupled Device (CCD). Raman spectra were excited by a 
HeNe laser (633 nm) at a nominal resolution of 2 cm-1 in the range between 100 and 
4000 cm-1.  Repeated acquisition using the highest magnification was accumulated to 
improve the signal to noise ratio. Spectra were calibrated using the 520.5 cm-1 line of 
a silicon wafer. In order to ensure that the correct spectra are obtained, the incident 
excitation radiation was scrambled.  Previous studies by the authors provide more 
details of the experimental technique. Spectra at controlled temperatures were 
obtained using a Linkam thermal stage (Scientific Instruments Ltd, Waterfield, 
Surrey, England).  Details of the technique have been published by the authors. 15-20  
 

Band component analysis was undertaken using the Jandel ‘Peakfit’ software 
package, which enabled the type of fitting function to be selected and allows specific 
parameters to be fixed or varied accordingly. Band fitting was done using a Gauss-
Lorentz cross-product function with the minimum number of component bands used 
for the fitting process. The Gauss-Lorentz ratio was maintained at values greater than 
0.7 and fitting was undertaken until reproducible results were obtained with squared 
regression coefficient of R2 greater than 0.995. 
 
 
Results and discussion 
 
 The nature of dimorphism in basic copper(II) nitrates of formula 
Cu2NO3(OH)3 was first discussed in detail by Ostwald. 21 and a single-crystal 
structure of gerhardtite was reported some time later. 6,21  Gerhardtite is orthorhombic, 
space group P212121, with a = 6.087(2), b = 13.813(4), c = 5.597(2) Å and Z = 4. The 
asymmetric unit is comprised of a formula unit, Cu2NO3(OH)3, and thus there are two 
independent Cu and three independent OH ions in the structure. Both Cu ions are 
Jahn-Teller distorted with typical 4 + 2 octahedral coordination geometries. The 
Cu(1) atom is coordinated by four OH ions (two are symmetry-related) and twice by a 
nitrate oxygen atom (O(4) at x, y, z and O(4’) at 0.5+x, 0.5-y, 1-z). The same nitrate 
oxygen atom (O(4iii) at 1-x, 0.5+y, 1.5-z) is coordinated to Cu(2), whose coordination 
sphere is completed by five OH ions (two pairs of which are symmetry-related). The 
distorted CuO6 octahedra are edge-linked into layers that lie perpendicular to the 
crystallographic b direction. The other two nitrate oxygen atoms project into the space 
between the layers and link them together with the hydrogen bonds [O(5iii)-O(3), 
O(6iii)-O(2) and O(6iii)-O(1) are 2.875, 2.914 and 2.951 Å in length, respectively]. 
Rouaite, the monoclinic dimorph of gerhardtite, possesses a closely related structure. 
The principal difference in the structures concerns the orientation of the nitrate group 
lying between comparable layers of linked CuO6 octahedra. 
 
 The Raman spectrum of the hydroxyl stretching region of gerhardtite 
(Cu2NO3(OH)3) at 77 and 298 K are shown in Figure 1 and the results of the band 
component analyses reported in Table 1.  Five bands are required to fit the Raman 
spectral profile in the hydroxyl stretching region. Bands are observed at 3556, 3546, 
3477, 3417 and 3391 cm-1.  The % relative areas of these bands are 6.5, 6.7, 7.5, 2.5 
and 17.6 %.  According to the crystal structure of gerhardtite there are three 
independent hydroxyl groups. The Raman spectra at 77 K show four bands at 3557, 
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3548, 3467 and 3409 cm-1 with % relative areas of 3.5, 8.5, 2.6 and 5.0 %.  This is in 
accordance with the crystal structure. The width of the 3546 cm-1 band is 15.3 cm-1 in 
the 298 K spectrum and 6.8 cm-1 in the 77 K spectrum.   
  

 Studies have shown a strong correlation between OH stretching 
frequencies and both O…O bond distances and H…O hydrogen bond distances.  22-25  
Recent work by the authors suggests that such an empirical function can be used for 
the hydroxyl stretching wavenumbers as determined by Raman spectroscopy. 
Libowitzky (1999) based upon the hydroxyl stretching frequencies as determined by 
infrared spectroscopy, showed that a regression function can be employed relating the 
above correlations with regression coefficients better than 0.96. 26  The function is ν1 
= 3592-304x109exp(-d(O-O)/0.1321) cm-1.  By using the Raman bands of the OH 
stretching vibrations at 3556, 3546, 3479, 3417 and 3391 cm-1, hydrogen bond 
distances are calculated at 0.3019, 0.2987, 0.2868, 0.2810, 0.2792 pm respectively. The 
band positions at 77 K for the first two bands at 3556 and 3548 cm-1 show only a very 
small shift in wavenumbers. This means that cooling the mineral to liquid nitrogen 
temperatures does not affect the hydrogen bond distances.  However the two bands at 
77 K observed at 3467 and 3409 cm-1 show significant shifts in band position. This 
results in hydrogen bond distances of 0.2855 and 0.2804 pm.  Thus there is a small 
shift in hydrogen bond distances as calculated for these two bands.  Such estimates of 
hydrogen bond distances for minerals such as gerhardtite are not easily determined 
and are not measured using X-ray diffraction data.  Thus Raman spectroscopy is an 
important tool in estimating hydrogen bond distances. In the case of gerdhardtite these 
hydrogen bond distances are long. This indicates the hydrogen bonds formed between 
the hydroxyl groups and the nitrate anions are weak.  

 
The Raman spectra of the NO3 symmetric stretching region at 298 and 77 K 

are shown in Figure 2.  The infrared spectral data of copper(II)nitrate has been 
published and the spectral data of divalent nitrates compared. 27 The symmetric 
stretching mode was observed as a single infrared band at 1051 cm-1 for 
copper(II)nitrate. Two bands are observed in the 298 K spectrum at 1048 and 1052 
cm-1 with relative intensities of 19.7 and 6.4 %.  This is approximately a ratio of 3/1.  
The band at 1048 cm-1 may be ascribed to one independent nitrate and the band at 
1050 cm-1 may be attributed to a second independent nitrate. 28-33 The difference may 
be ascribed to differences in hydrogen bonding of the two nitrates. X-ray diffraction 
data suggests three independent nitrate ions in the gerhardtite structure. However only 
two nitrate symmetric stretching vibrations are observed in the Raman spectra. The 
small shift in wavenumbers simply means the hydrogen bonding of the OH units to 
the nitrate is weak.  In the 77 K spectra two bands are observed at 1049 and 1051 cm-1 
with relative intensities of 6.1 and 16.8 %. This now is a ratio of approximately 1/3.  
Thus by cooling to liquid nitrogen temperatures the ratio of non-hydrogen bonded 
nitrate to hydrogen bonded nitrate changed from 3/1 to 1/3.   

 
The Raman spectra of the 1250 to 1450 cm-1 region of gerhardtite at 298 and 

77 K are shown in Figure 3.  Strong Raman bands at 298 K are observed at 1324, 
1417 and 1418 cm-1 with relative intensities of 3.0, 1.8 and 1.0 %.  These bands are 
attributed to the NO3 ν3 antisymmetric stretching vibrations.  The spectra at 77 K 
become more complex.  The 298 K band at 1324 cm-1 appears to be able to be 
resolved into two components in the 77 K spectra at 1326 and 1328 cm-1 with relative 
intensities of 8.1 and 3.3 %.  Additional bands are observed at 1369 and 1376 cm-1 
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with relative intensities of 3.8 and 0.5 %.  There appears to be a strong shift in the 
position of these bands between the 298 and 77 K spectra. The two bands at 1419 and 
1435 cm-1 are significantly reduced in intensity.  It appears that two sets of bands exist 
in the antisymmetric stretching region of the nitrate in the 77 K spectra.  This suggests 
that there are two independent nitrate anions in the gerhardtite at liquid nitrogen 
temperature.   The shift in band positions in going from 298 K to 77 K involve 
significant differences eg shifts of 5 cm-1 (149 to 154 cm-1); 8 cm-1 (3417 to 3409  
cm-1); 10 cm-1 (3477 to 3467 cm-1) 11 cm-1 (1339 to 1328 cm-1); and even 16 cm-1 
(213 to 197 cm-1).  These significant shifts as determined by Raman spectroscopy 
suggest a phase change for gerhardtite in going from 298 to 77 K.  

 
The Raman spectra of the 600 to 1000 cm-1 region at 298 and 77 K are shown 

in Figure 4. The bands in this region should originate from the bending region of two 
vibrating units namely the hydroxyl and nitrate units.  The infrared spectral data of 
copper(II)nitrate has been published and the spectral data of divalent nitrates 
compared. 27   The ν2 mode was observed in the infrared spectrum at 820 cm-1 for 
copper(II)nitrate dihydrate and the ν4 mode at 770 cm-1.27   In the 298 K spectrum a 
low intensity band is observed at 805 cm-1 with a bandwidth of 89.0 cm-1 and a 
relative intensity of 1.5 %.  The band undergoes significant band narrowing in the 77 
K spectrum with a bandwidth of 28 cm-1. This band is attributed to the symmetric 
bending mode of the NO3 units.  Two very sharp bands are observed in the 298 K 
spectrum at 711 and 720 cm-1 with bandwidths of 5.9 and 4.9 cm-1.  The relative 
intensities of these bands are 1.6 and 0.2 % respectively.  Two bands are observed in 
the 77 K spectrum at 711 and 720 cm-1 with bandwidths of 5.3 and 5.2 cm-1 and 
relative intensities of 1.0 and 2.8 %.    The intensity ratio of the 711 and 720 cm-1 
bands changes from 8/1 in the 298 K spectrum to 1/3 in the 77 K spectrum.  These 
bands are attributed to the ν4 out of plane bending modes of the NO3 units.  The 
remaining band in this region is a broad band observed at 887 cm-1.  In the 77 K 
spectrum, three bands are observed at 870, 883 and 935 cm-1.  These bands are 
attributed to CuOH deformation modes. It is interesting that only a single band is 
observed in the 298 K spectrum but three bands are found in the 77 K spectrum.   

 
The Raman spectra at 298 and 77 K of the 100 to 600 cm-1 region of 

gerhardtite are shown in Figure 5.  Three bands are observed in the 298 K spectrum at 
503, 458 and 410 cm-1 with band widths of 19.6, 12.5 and 10.8 cm-1. Other low 
intensity bands are observed at 474, 437 and 423 cm-1.  These bands are observed at 
504, 461 and 413 cm-1 in the 77 K spectrum with band widths of 9.9, 8.6 and 7.3  
cm-1. Significant band narrowing is observed. One possible assignment of these bands 
is to the OH deformation modes of the Cu(OH)3 units. An additional band is observed 
at 336 cm-1 (298 K) and 339 cm-1 (77 K).  The band is broad (16.4 cm-1 at 298 K and 
15.8 cm-1 at 77 K).  The assignment of this band is not known but one possibility is 
that it may be ascribed to a O-H….O hydrogen bond.  There are a number of other 
bands of significant intensity observed at 279, 258, 213, 189 and 165 cm-1 (298 K 
spectrum).  These bands are described as lattice vibrations.   
 
Conclusions 
 
 Few natural nitrates are known.  Apart from buttgenbachite 3,18,19, copper (II) 
nitrates are represented by the hydrotalcite minerals mbobomkulite and 
hydrombobomkulite and nitrate members of chalcoaluminate and the basic copper(II) 



 7

nitrates likasite and gerhardtite. Minerals containing nitrates lend themselves to study 
using Raman spectroscopy.  In the case of gerhardtite, Raman spectroscopy indicates 
a change of phase upon cooling to liquid nitrogen temperature.  
  
 
Acknowledgements 
 
The financial and infra-structure support of the Queensland University of Technology 
Inorganic Materials Research Program of the School of Physical and Chemical 
Sciences is gratefully acknowledged. The Australian Research Council (ARC) is 
thanked for funding.  Professor Allan Pring of The South Australian Museum is 
thanked for the loan of the mineral gerhardtite.  
 
 
 
 
 
 
References 
 
1. Anthony, JW, Bideaux, RA, Bladh, KW, Nichols, NC. Mineral Data 

Publishing, Tucson, Arizona, USA 2003. 
2. Hill, C, Forti, P. Cave Minerals of the World. National Speleological Society, 

Huntsville, Alabama, USA 1997. 
3. Frost, RL, Williams, PA, Martens, W, Kloprogge, JT. Journal of Raman 

Spectroscopy 2002; 33: 752. 
4. Hibbs, DE, Leverett, P, Williams, PA. Mineralogical Magazine 2003; 67: 47. 
5. Maneva, M, Ilcheva, L, Bozadzhiev, P. Khimiya i Industriya (1922-1988) 

1981: 18. 
6. Bovio, B, Locchi, S. Journal of Crystallographic and Spectroscopic Research 

1982; 12: 507. 
7. Alves Marques, M, de Barros Marques, MI, Isabel Cabaco, M, Gaspar, AM, 

de Almeida, ML. Journal of Molecular Liquids 2004; 110: 23. 
8. Mathieu, JP, Lounsbury, M. Discussions of the Faraday Society 1950: 196. 
9. Mathieu, JP, Lounsbury, M. Compt. rend. 1949; 229: 295. 
10. Gerlach, W. Ann. Physik [5] 1930; 5: 196. 
11. Da Silveira, A. Compt. rend. 1932; 195: 652. 
12. Tanaka, H, Terada, S. Journal of Thermal Analysis 1993; 39: 1011. 
13. Malvault, JY, Lopitaux, J, Delahaye, D, Lenglet, M. Journal of Applied 

Electrochemistry 1995; 25: 841. 
14. Lenglet, M, Lopitaux, J, Leygraf, C, Odnevall, I, Carballeira, M, Noualhaguet, 

JC, Guinement, J, Gautier, J, Boissel, J. Journal of the Electrochemical 
Society 1995; 142: 3690. 

15. Frost, RL, Crane, M, Williams, PA, Kloprogge, JT. Journal of Raman 
Spectroscopy 2003; 34: 214. 

16. Frost, RL, Williams, PA, Martens, W. Mineralogical Magazine 2003; 67: 103. 
17. Martens, W, Frost, RL, Kloprogge, JT. Journal of Raman Spectroscopy 2003; 

34: 90. 
18. Martens, W, Frost, RL, Kloprogge, JT, Williams, PA. Journal of Raman 

Spectroscopy 2003; 34: 145. 



 8

19. Frost, RL, Martens, W, Kloprogge, JT, Williams, PA. Journal of Raman 
Spectroscopy 2002; 33: 801. 

20. Frost, RL, Martens, W, Williams, PA, Kloprogge, JT. Mineralogical 
Magazine 2002; 66: 1063. 

21. Oswald, HR. Zeitschrift fuer Kristallographie, Kristallgeometrie, 
Kristallphysik, Kristallchemie 1961; 116: 210. 

22. Emsley, J. Chemical Society Reviews 1980; 9: 91. 
23. Lutz, H. Structure and Bonding (Berlin, Germany) 1995; 82: 85. 
24. Mikenda, W. Journal of Molecular Structure 1986; 147: 1. 
25. Novak, A. Structure and Bonding (Berlin) 1974; 18: 177. 
26. Libowitsky, E. Monatschefte fÜr chemie 1999; 130: 1047. 
27. Ross, SD. Inorganic Infrared and Raman spectra 1972; McGraw-Hill, 

London: 155. 
28. James, DW, Frost, RL. Aust. J. Chem. 1982; 35: 1793. 
29. Frost, RL, James, DW. J. Chem. Soc., Faraday Trans. 1 1982; 78: 3263. 
30. Frost, RL, James, DW. J. Chem. Soc., Faraday Trans. 1 1982; 78: 3223. 
31. Frost, RL, James, DW. J. Chem. Soc., Faraday Trans. 1 1982; 78: 3249. 
32. Frost, RL, Appleby, R, Carrick, MT, James, DW. Can. J. Spectrosc. 1982; 27: 

82. 
33. James, DW, Frost, RL. Can. J. Spectrosc. 1978; 23: 5. 



 9

 
  298K     77K   

Center FWHM Area Center FWHM Area 
3556 51.0 0.065 3557 26.9 0.035 
3546 15.7 0.067 3548 8.6 0.085 
3477 74.0 0.075 3467 45.8 0.026 
3417 45.0 0.025 3409 42.1 0.050 
3391 156.6 0.176      
1438 11.4 0.010 1435 13.1 0.006 
1417 11.0 0.018 1419 10.3 0.010 

    1376 8.2 0.005 
    1369 18.4 0.038 

1339 53.5 0.006 1328 6.7 0.033 
1324 9.7 0.030 1327 11.6 0.081 

    1302 6.9 0.001 
    1063 7.0 0.001 

1052 3.2 0.064 1051 3.7 0.168 
1048 4.4 0.197 1049 3.3 0.061 
1031 8.8 0.002 1032 7.0 0.001 
1024 4.0 0.000      

    935 33.9 0.019 
887 43.5 0.006 883 47.5 0.023 

    870 19.5 0.002 
805 89.0 0.015 792 28.0 0.021 

    770 12.0 0.001 
720 4.9 0.002 720 5.2 0.028 
711 5.9 0.016 711 5.3 0.010 

    676 12.2 0.004 
668 24.8 0.006 666 11.4 0.023 

    510 14.1 0.022 
503 19.6 0.017 504 9.9 0.019 
474 12.0 0.003 476 8.4 0.002 
458 12.5 0.020 461 8.6 0.046 
437 11.9 0.001      
423 16.5 0.002 421 28.3 0.018 
410 10.8 0.023 413 7.3 0.052 

    402 8.6 0.001 
    357 6.6 0.000 
    339 15.8 0.015 

336 16.4 0.005 334 3.0 0.001 
279 10.1 0.006 282 7.4 0.019 
258 14.0 0.010 260 8.6 0.027 

    251 11.2 0.004 
    230 4.2 0.001 

213 78.0 0.012 197 3.0 0.000 
189 9.4 0.013 188 7.3 0.023 
165 10.9 0.024 169 9.4 0.025 
149 11.0 0.006 154 8.7 0.004 
132 6.4 0.001 135 4.8 0.001 
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