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Abstract: Cobalt(II) thiocyanate-based tests are routinely used to screen cocaine products, with the
formation of a blue species interpreted as a positive response. Two popular candidates for the origin
of the blue color are an ionic coordination compound, frequently referred to as an ion pair, of the
general form (HL)2[Co(SCN)4] or the coordination compound [CoL2(SCN)2], where L represents
select nitrogenous bases. Given the high number of nitrogenous bases documented to yield false
positives for cobalt(II) thiocyanate-based tests, a reasonable hypothesis is that both candidates are
possible but their preferential formation depends on the specific nitrogenous bases screened. This
hypothesis was tested through the crystallographic and spectroscopic analysis of reaction prod-
ucts of cocaine hydrochloride, lidocaine monohydrate hydrochloride, and benzimidazole exposed
to a classic cobalt(II) thiocyanate reagent. Single-crystal X-ray diffraction revealed that the blue
product isolated from benzimidazole test vessels is a coordination compound, with comparative
ultraviolet–visible and Raman spectroscopy validating that blue precipitates collected from cocaine
hydrochloride and lidocaine monohydrate hydrochloride reaction containers are ionic coordination
compounds. Peaks corresponding to π-π* transitions in UV-vis at around 320 nm (cocaine hydrochlo-
ride: 320 nm, lidocaine hydrochloride: 323 nm) shift to a higher wavelength of 332 nm for the
coordinated benzimidazole, and the broader d-d transitions at 550–630 nm show both a shift and
change in envelope for benzimidazole coordinated with cobalt(II). The compound is a new polymorph
of bis(benzimidazole)bis(thiocyanato-N)Cobalt(II), γ-[Co(Hbzim)2(SCN)2] (Hbzim = benzimidazole),
and the differences in the intermolecular interactions to the two previous polymorphs were clarified
by graph set analysis and Hirshfeld surface analysis. Furthermore, the coordination of aromatic
nitrogen bases (such as benzimidazole) with Co(II) and aliphatic bases was compared by analyzing
the Cambridge Structural Database, and the aromatic bases were found to have a shorter Co-N bond
length compared to the aliphatic bases by around 0.02 Å.

Keywords: cobalt thiocyanate; cocaine; color tests; Raman spectroscopy; ultraviolet–visible (UV–vis)
spectroscopy; X-ray diffraction; graph set analysis; Hirshfeld surface analysis

1. Introduction—Cobalt(II) Thiocyanates

One of the most widespread uses of cobalt(II) thiocyanate is in colorimetric reagents for
the forensic screening of suspected cocaine products, with the formation of a blue species
implying that such controlled substances are present [1–7]. While these types of color
tests are quick and easy to conduct, their chemistry can be complicated, and chromophore
identification is an active research area. For the cobalt(II) thiocyanate color tests for cocaine,
a long-standing question has been whether cocaine—a nitrogenous base—forms a blue
tetra-coordinated entity with the Co(II) ion, or if a blue ionic coordination compound,
referred to frequently in the literature and herein as an ion pair, is formed between two

Inorganics 2024, 12, 28. https://doi.org/10.3390/inorganics12010028 https://www.mdpi.com/journal/inorganics

https://doi.org/10.3390/inorganics12010028
https://doi.org/10.3390/inorganics12010028
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/inorganics
https://www.mdpi.com
https://orcid.org/0000-0003-4696-609X
https://orcid.org/0000-0001-8361-3432
https://orcid.org/0000-0002-6420-2141
https://doi.org/10.3390/inorganics12010028
https://www.mdpi.com/journal/inorganics
https://www.mdpi.com/article/10.3390/inorganics12010028?type=check_update&version=1


Inorganics 2024, 12, 28 2 of 13

protonated cocaine (cocainium) molecules and a tetrathiocyanatocobaltate anion, such as
(Hcocaine)2[Co(SCN)4].

Our recent study probing the product species resulting from reactions between
cobalt(II) thiocyanate-based reagents and cocaine hydrochloride, plus the well-documented
cocaine product adulterant and color test false-positive lidocaine and its salt, supported that
an ion pair is the hallmark blue species formed for these nitrogenous bases [8]. In this work,
we expand on our exploration of cobalt(II) thiocyanate-based color tests by studying the
blue species produced upon exposure of benzimidazole to a classic cobalt(II) thiocyanate-
based reagent (2% w/v cobalt(II) thiocyanate in distilled water; hereafter, ‘classic test’). Like
cocaine and lidocaine, benzimidazole is a nitrogenous base but with an aromatic amine site,
as shown in Figure 1. Cocaine and lidocaine, along with their salts, only contain aliphatic
amine sites, a case in point being recent work by Oliver et al. showing that citrate salt
of diethylcarbamazine, a nitrogenous base featuring only aliphatic amine sites, yields an
ion pair (Hdiethylcarbamazine)2[Co(SCN)4] [9]. Benzimidazole offers an opportunity to
explore the impact of aliphatic versus aromatic amine sites on product structure under
classic test conditions. We analyzed blue precipitates isolated from cocaine hydrochloride,
lidocaine hydrochloride monohydrate, and benzimidazole reaction vessels after screening
via the classic test.
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Figure 1. Chemical structures of cocaine, benzimidazole, and lidocaine.

Unlike cocaine, lidocaine, and their salts, the blue species formed upon exposure of
benzimidazole to cobalt(II) thiocyanate reagents is the compound [Co(Hbzim)2(SCN)2]
(Hbzim = benzimidazole), a neutral coordination entity. There are two different solid-state
structures (polymorphs) of [Co(Hbzim)2(SCN)2] in the Cambridge Structural Database
(CSD): [10]–GUMXOD [11] and GUMXOD01 [12]. Herein, we report a third polymorph
produced upon classic test screening of benzimidazole. The polymorphism displayed by
[Co(Hbzim)2(SCN)2] provides valuable insights into the solid-state chemistry of Co(II) tetra-
hedral complexes in general, but is also relevant for the much studied metal–organic frame-
work ZIF-9, [Co(bzim)2], based on tetrahedral Co(II) and benzimidazolate ions [13–15]. The
polymorphs GUMXOD α-[Co(Hbzim)2(SCN)2] and GUMXOD01 β-[Co(Hbzim)2(SCN)2]
have also been investigated for their magnetic anisotropy and single-ion magnetic proper-
ties [11,12]. In this context, the structure and the detailed intermolecular interactions are
important, as the metal centers need to be magnetically isolated, thus providing a further
reason to compare the structures of the three polymorphs. Note that all polymorphs are
N-bonded to Co(II), sometimes indicated as isothiocyanato (for example, in the CSD) or by
the IUPAC recommendations as thiocyanato-κN or thiocyanato-N [16].

Critical to cobalt(II) thiocyanate-based color tests, our study highlights the differ-
ence in coordination ability between aliphatic and aromatic amines, which is under-
explored within the context of cobalt(II) thiocyanate-based color tests. In general, aro-
matic amines—such as pyridine—are better ligands for transition metals than aliphatic
amines [17]. Specifically for tetrahedral Co(II) with two coordinated thiocyanates, there are
no non-chelating tertiary amines (such as cocaine) structurally characterized and reported
in the CSD. However, in the CSD, there is one chelating tertiary amine, a di-isothiocyanato-
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((-)-spartein)-cobalt(II) compound [18], and one secondary amine complex, [Co(SCN)2(1-(2-
pyrimidyl)piperazine)2] [19]. Our survey of the CSD also revealed that of the tetrahedral
Co(II) compound [CoA2(SCN)2], where A represents aromatic or aliphatic amines, 49 struc-
tures feature coordinated aromatic amines, while only two feature aliphatic amines (as
mentioned above).

2. Results and Discussion
2.1. Comparison of Blue Products from Classic Test Screening

Single-crystal X-ray diffraction of the blue crystals from the precipitate formed upon
screening benzimidazole via the classic test showed that the compound is a new poly-
morph of [Co(Hbzim)2(SCN)2] designated γ-[Co(Hbzim)2(SCN)2]. The molecular structure
derived from single-crystal X-ray diffraction determination is shown in Figure 2, and the
diffraction data are provided in Table 1.
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Figure 2. Molecular structure of the new polymorph γ-[Co(Hbzim)2(SCN)2] from single-crystal X-ray
diffraction. Displacement ellipsoids drawn at 50%. Note the conformation of the two benzimidazole
ligands arranged with benzene rings on opposite sides.

The pertinent bond lengths in [Co(Hbzim)2(SCN)2] are as follows: Co-Nthiocyanato

Co1-N7 1.949(1) Å and Co1-N4 1.953(1) Å; Co-HHbzim Co1-N16 1.997(1) Å and Co1-N25
2.002(1) Å; N-Cthiocyanato N4-C3 1.161(2) Å and N7-C6 1.161(2) Å; C-S S2-C3 1.632(2) Å and
S5-C6 1.619(2) Å. The thiocyanato ligand is near-linear, with angles S2-C3-N4 177.2(1)◦ and
N7-C6-S5 178.8(1)◦.

The cobalt(II) ion is in a four-coordinate environment provided by the two benzimi-
dazole and two isothiocyanate ligands, each adopting a monodentate coordination mode.
The bond angles at the metal center are as follows: N7-Co1-N16 109.69(6)◦; N7-Co1-N25
102.55(6)◦; N7-Co1-N4 116.15(6)◦; N4-Co1-N16 104.65(6)◦; N4-Co1-N25 111.81(6)◦, N16-
Co1-N25 112.23(5)◦. These are all close to the ideal tetrahedral angle, and the angular
distortion parameter τ4 [20] [{360◦ − (α + β)}/141◦] is 0.93, consistent with a slightly
distorted tetrahedral coordination geometry.
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Table 1. Selected crystallographic data for γ-[Co(Hbzim)2(SCN)2].

Crystal Data

Chemical formula C16H12CoN6S2
Mr 411.37
Crystal system, space group Monoclinic, P21/c
Temperature (K) 125 (2)
a, b, c (Å) 7.83909 (14), 13.5513 (2), 16.7269 (3)
β (◦) 96.9887 (17)
V (Å3) 1763.69 (5)
Z 4
Radiation type Cu Kα

µ (mm−1) 9.939
Crystal size (mm) 0.066 × 0.065 × 0.052
Data collection

Diffractometer XtaLAB Synergy R, HyPix
Tmin, Tmax 0.920, 0.967
Index ranges −7 ≤ h ≤ 9, −16 ≤ k ≤16, −20 ≤ l ≤ 20
No. of measured, independent, and
observed [I > 2σ(I)] reflections 34139, 3610, 3390

Rint 0.040
(sin θ/λ)max (Å−1) 0.628
Refinement

R[F2 > 2σ(F2)], wR(F2), S 0.0248, 0.0618, 1.044
No. of reflections 3610
No. of parameters 234
∆ρmax, ∆ρmin (e Å−3) 0.25, −0.20

CCDC nr 2308121

The representative UV–vis spectra of blue species resulting from the classic test screen-
ing of lidocaine hydrochloride monohydrate, cocaine hydrochloride and benzimidazole
samples dissolved in ethyl acetate are shown in Figure 3. In general, the spectra agree
with those presented by Conceição et al. for cocaine, lidocaine, and promethazine, an
antihistamine that contains an aliphatic amine site [21]. Peaks around 320 nm (cocaine
hydrochloride: 320 nm, lidocaine hydrochloride: 323 nm) have been interpreted as π-π*
transitions of the C≡N bond, with a shift to a higher wavelength of 332 nm observed for
the coordinated benzimidazole. The broader peaks at 550–630 nm are more complicated,
consisting of overlapping bands corresponding to d-d transitions [22], with a shift and
change in envelope observed for cobalt-bound benzimidazole.

Figure 4 shows the collected Raman spectra of the representative blue precipitate
samples from the classic test screening of lidocaine hydrochloride monohydrate, cocaine
hydrochloride, and benzimidazole samples, focusing on the characteristic C≡N stretching
bands around 2100 cm−1, but this stretching frequency alone cannot be used to distinguish
between N and S bonded thiocyanato ions [23]. We note that the thiocyanato C-N bond
lengths from the structure, 1.161(2) Å, are consistent with a standard C-N triple bond,
1.14 Å [24]. Just as with the UV-vis spectra in Figure 3, we see a clear similarity between
the lidocaine hydrochloride monohydrate and cocaine hydrochloride reaction products
along with a dissimilarity to γ-[Co(Hbzim)2(SCN)2], though such bands appear almost
indistinguishable from the noise for the blue benzimidazole screening product. It is well
established that the stretching vibrational frequency and/or peak intensity of various
nitriles are sensitive to their local hydrogen-bonding and electrostatic environment in
addition to temperature [25,26] However, the low signal-to-noise ratio observed for γ-
[Co(Hbzim)2(SCN)2] may be due to the sensitivity of the compound to the laser beam.
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Figure 3. UV–vis spectra in ethyl acetate solution of blue precipitates from cocaine hydrochloride
(_), lidocaine monohydrate hydrochloride (_), and benzimidazole (_) reaction products with cobalt
thiocyanate.
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Figure 4. The distinctive Raman bands around 2100 cm−1 for blue precipitates retrieved from repre-
sentative cocaine hydrochloride (_), lidocaine monohydrate hydrochloride (_), and benzimidazole
(_) reaction vessels. Usually, these bands are interpreted as C≡N stretching.

As detailed in our recent work [8], classic test reactions involving lidocaine monohy-
drate hydrochloride produced blue needle-like crystals (Hlidocaine)2([Co(SCN)4])·H2O,
while cocaine hydrochloride yielded a glassy, blue material whose amorphous nature
made it unsuitable for crystallographic structure determination. However, elemental anal-
ysis along with comparative UV-vis, attenuated total reflectance infrared, and Raman
spectroscopic analysis strongly supported that the blue material isolated from cocaine
hydrochloride reaction vessels was an ion pair (Hcocaine)2[Co(SCN)4]. Our work with
benzimidazole further showcases the structural similarities between the blue precipitate
isolated from cocaine hydrochloride reactions and the structurally characterized ion pair
(Hlidocaine)2([Co(SCN)4])·H2O while highlighting how a coordination compound product
like γ-[Co(Hbzim)2(SCN)2] differs spectroscopically. These three classic test blue precipitate
structures—proposed and confirmed—are shown in Figure 5.
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Figure 5. Spectral observations support the formulation of the blue cocaine species as an ion pair
(ionic coordination compound) (left) as it shows similarities with the lidocaine ion pair (center) but
is different from the benzimidazole coordination compound (right).

It seems that compounds with aromatic amine sites (herein heterocycles) and aliphatic
amine sites yield different product types upon reaction with cobalt(II) thiocyanate reagents,
and this may be important for the outcome of the test, although in all cases, a blue product
is observed. From a purely theoretical point of view, different product types could be
expected, as aromatic amines have both occupied π and unoccupied π* orbitals accessible
to interact with the metal center. They are thus potentially both π-acids and π-bases from
a coordination chemistry perspective, whereas the aliphatic amines are neither, and the
only way they can interact with the metal center is via the free electron pair (thus, as a
σ-base) [24]. We further analyzed the CSD to discern trends in aromatic versus aliphatic
amine coordination binding strength. To this end, four-coordinated Co(II) structures with
at least one coordinated pyridine unit were selected, with pyridine chosen as the archetypal
heterocyclic ligand (total number of hits: 614; designated ‘Co-Npyridinic’) and compared to
four-coordinated Co(II) structures with a Co-N bond and a nitrogen with three single bonds
to either carbon or hydrogen (total number of hits: 168; designated ‘Co-Naliphatic’). Figure 6
shows a comparison of Co-Npyridinic and Co-Naliphatic Co-N bond distances. Although the
overlap between the Co-Npyridinic and Co-Naliphatic data sets is large in Figure 6, there is
clear preference for a shorter Co-N bond among Co-Npyridinic compounds by about 0.02 Å.
It is commonly presumed that a stronger interaction would yield a shorter Co-N bond.
The compounds with very short Co-N distances of around 1.8–1.9 Å that can be seen in
Figure 6 seem to be mostly related to compounds with so-called pincher ligands with a
central pyridine unit.
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Figure 6. Comparison of four-coordinated Co(II) structures with at least one coordinated pyridine
unit (representing aromatic amines; total number of hits: 614) to four-coordinated Co(II) structures
with a Co-N bond and a nitrogen with three single bonds to either carbon or hydrogen (total number
of hits: 168). The aromatic compounds have a most probable Co-N distance of 2.04 Å and the aliphatic
amines a most probable Co-N distance of 2.06 Å.
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While the data in Figure 6 support the notion that ion pairs may be more prevalent
for aliphatic amines due to their somewhat weaker Co-N bonds, another factor to keep in
mind is that aliphatic amines are generally stronger bases than aromatic amines [27]. For
example, the pyridinium ion has a pKa of 5.2, while the triethylammonium ion has a pKa of
10.8 [27]. We cannot say if it is the greater affinity for metal ions that make complexes more
likely for aromatic amines, or if it is their weaker basicity that make ion pairs less likely.

2.2. The Polymorphism of [Co(Hbzim)2(SCN)2]

Turning to the polymorphism of [Co(Hbzim)2(SCN)2], we have summarized the
differences and similarities in Figures 7 and 8, and Table 2. A few things stand out. First,
as illustrated in Figure 8, there are two different conformers: the two benzimidazole
ligands are arranged with benzene rings on the same side as in the α-polymorph or on
different sides in the β- and γ-polymorph, while the coordination entities of the β- and
γ-polymorphs are very close (overlay plots yielding RMSD 0.1232; Max. D: 0.2437; see
Figure 7, right). We also see that the two types of Co-N bond lengths (Table 2) are identical
within the experimental error and, as expected for the negatively charged thiocyanate
groups, the Co-NCS bonds are significantly shorter [28].
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Figure 7. Conformations in the three [Co(Hbzim)2(SCN)2] polymorphs. Note the different con-
formations of the benzimidazole ligands in α-[Co(Hbzim)2(SCN)2] (left) compared to the β- and
γ-polymorphs (center and right) and the close resemblance of the two coordination entities in the
β- and γ-polymorphs shown by the overlap plot to the right, as calculated by Mercury.

In principle, coordination (or linkage) isomerism is possible, with a thiocyanate
bonding to Co(II) to result in either a Co-NCS or a Co-SCN orientation [29,30] (N- or
S-bonding can be indicated, according to the IUPAC recommendations, as thiocyanato-κN,
thiocyanato-κS or thiocyanato-N, thiocyanato-S [16], or sometimes also as isothiocyanato
for N bonding or thiocyanato for S-bonding, though the latter is ambiguous). However,
a search of the CSD may indicate that a Co-SCN isomer is less commonly encountered
for cobalt in any oxidation state. For non-bridging thiocyanate ions, we found 1226 Co-
NCS hits, but only 15 hits for Co-SCN. Examples of Co-SCN compounds are potassium
(ethylenediamine-N,N’,N’-triacetato)-thiocyanato-cobalt(III) sesquihydrate [31] (CSD code
DIRLOF) and, in bridging mode, thus bonding to both S and N, the yellow coordination
polymer [Co(SCN)2(H2O)2] [8,32].

The hydrogen bond schemes in the polymorphs can be described using the graph
set symbols [33] shown in Table 2 (some can also be seen in Figure 8). The α-polymorph
has both 1D chains (C1

1(8) and C4
4(34)) and rings (R2

2(16), R4
4(32), and R6

6(48)). The
β-polymorph graph set analysis also shows two 1D chains, and then, two ring hydrogen
bonds: C1

1(8), C2
2(16), R4

4(32), and R6
6(48), respectively. The same types of hydrogen bond

graph sets are shown in γ-polymorph C1
2(10), C2

2(16), C3
4(26), and R2

2(16). Considering
this information, it can be concluded that the α-polymorph and β-polymorph are more
similar in hydrogen connectivity, with some small differences, as C4

4(32) and R2
2(16) are

not observed in the β-polymorph. The γ-polymorph is slightly different, with R2
2(16) seen

in the α-polymorph and C2
2(16) in the β-polymorph. The consequence may be that the α-
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and β-polymorphs are less dense, with the γ-polymorph being the most dense and probably
the most thermodynamically stable. Finally, the β-polymorph forms hydrogen-bonded
sheets in the ab-plane, while the α- and γ-polymorphs form chains along the b-axes.
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2(16) for α-[Co(Hbzim)2(SCN)2],
C1

1(8) for β-[Co(Hbzim)2(SCN)2], and R2
2(16) for γ-[Co(Hbzim)2(SCN)2]. Note also the efficient

π···π stacking in the γ-polymorph.
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Table 2. Essential characteristics of the three [Co(Hbzim)2(SCN)2] polymorphs.

α [11] β [12] γ (This Work)

Space group P21/n P1 P21/c

a, b, c (Å)
13.5068(6)
8.3528(4)
16.5567(7)

8.6216(4)
9.3539(4)
12.7307(6)

7.83909(14)
13.5513(2)
16.7269(3)

α, β, γ (◦) 90, 104.907(1), 90 75.218(4), 81.213(4), 63.683(4) 90, 96.988(2), 90

T (K) 273 150 125

Density (g/cm3) 1.518 1.537 1.549

Co-NSCN (Å) 1.951 1.941 1.951

Co-Nbenzimidazole (Å) 1.998 1.990 2.000

NSCN-Co-NSCN (◦) 115.9 115.7 116.1

Hydrogen bonds (Å) S1-H4 2.515(1) b
S2-H2 2.608(2) a

S1-H11 2.60(1) a
S2-H12 2.75(1) b

S2-H14 2.54(2) b
S2-H23 2.67(2) a

Graph set symbols

R2,2(16) >a> a
C1,1(8) b
C4,4(32) >a>b<a< b
R4,4(32) >a< b >a< b

C1,1(8) a
C1,1(8) b
C2,2(16) >a<b
C2,2(16) >a>b

R2,2(16) >a>a
R2,2(16) >b>b
C1,2(10) >a<b
C2,2(16) >a>b

R4,4(32) >a>b<a>b R4,4(32) >a>b<a<b C3,4(26) >a>b<a<b
R4,4(32) >a>b>a>b R6,6(48) >a>a>b<a<a< b
R6,6(48) >a<b<b>a<b<b R6,6(48) >a>b>b<a<b<b
R6,6(48) >a>b>b<a>b>b
R6,6(48) >a>b>b>a>b>b

We can further compare the three structures using Hirshfeld surfaces [34]. Hirshfeld
surfaces are geometrical representations illustrating intermolecular interactions, such as hy-
drogen bonding and π−π stacking, and are extensively used in solid-state supramolecular
chemistry. As this analysis takes into account all interactions, it is not dependent on the
researcher singling out individual measurements to be carried out on the structural data.
Also, weaker interactions, including C−H···π, C···H, and H···H contacts, which are some-
times difficult to identify but are still important for crystal packing, can be seen [34]. The
most relevant results are shown in Figure 9 as so-called fingerprint plots where individual
atom–atom interactions can be selected. Here, we see that there are fewer S. . .H contacts
for the γ-polymorph, while C. . .N contacts are higher, and we may speculate that this is
because of more efficient π···π stacking in the γ-polymorph, as seen in Figure 9 (right).
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3. Materials and Methods

The materials and methods used for this work were first detailed in our recent publi-
cation [8] and are also provided here for ease of reference.

3.1. Materials

In-house-produced distilled water was used for all aqueous solutions. All other chemi-
cals were purchased from chemical supply companies such as Sigma-Aldrich
(St. Louis, MO, USA) at technical grade or better and were used as received without
further purification.

3.2. Single-Crystal X-ray Diffraction

Crystal data, data collection, and structure refinement details are summarized in
Table 1. A clear bluish blue block-shaped crystal with dimensions of 0.07× 0.07 × 0.05 mm3

was mounted on a nylon loop. Data were collected using an XtaLAB Synergy R, HyPix
diffractometer operating at T = 125(2) K and a wavelength of 1.542 Å. The diffraction pattern
was indexed and the total number of runs and images was based on the strategy calculation
from the program CrysAlis PRO (Rigaku Europe SE, Neu-Isenburg, Germany, V1.171.42.79a,
2022), and the unit cell was refined using CrysAlis PRO (Rigaku, V1.171.42.79a, 2022) on
16,324 reflections. Data reduction, scaling and absorption corrections were performed
using CrysAlis PRO (Rigaku, V1.171.42.79a, 2022). The final completeness was 100.00%
out to 79◦ in Θ. A Gaussian absorption correction was performed using CrysAlis PRO
1.171.42.79a (Rigaku Oxford Diffraction, 2022) based on a Gaussian integration over a
multifaceted crystal model, and empirical absorption correction was performed using
spherical harmonics, as implemented in the SCALE3 ABSPACK scaling algorithm. The
absorption coefficient µ was 9.939 mm−1 at this wavelength (λ = 1.542 Å). The structure
was solved and the space group P21/c (# 14) determined by the SHELXT [35] structure
solution program using Intrinsic Phasing and refined via least squares using version 2016/6
of SHELXL 2016/6 [35]. All non-hydrogen atoms were refined anisotropically. Hydrogen
atom positions were calculated geometrically and refined using the riding model, except
for H(N) positions, which were derived from difference maps and refined freely.

3.3. UV-Vis Spectroscopy

For UV–vis analysis, cocaine hydrochloride, lidocaine hydrochloride monohydrate,
and benzimidazole samples that provided positive results upon addition of the classic test
reagent were used. Ethyl acetate was added directly to selected positive test vials and the
resulting blue solution transferred to a new vial and diluted with ethyl acetate. Solutions
were passed through 0.45 µm polytetrafluoroethylene (PTFE) membrane filters prior to
UV–vis analysis using a Varian Cary® 50 UV–Vis spectrophotometer.

3.4. Raman Spectroscopy

For Raman analysis, a sample was transferred to a glass slide with no additional sample
preparation prior to spectra collection. The Raman spectra were collected using an Oxford
Instruments alpha300 Raman Imaging Microscope with 10×, 50×, and 100× objective
magnifications. Samples were measured using a 532 nm laser accompanied by grating with
600 grooves/millimeter. To maximize Raman peak clarity and intensity while maintaining
precipitate integrity, the laser power, accumulations, and measurement time were varied
for each sample analyzed.

3.5. Cobalt(II) Thiocyanate Testing

Classic cobalt(II) thiocyanate test reagent was prepared and administered as detailed
in [36]. As noted in the introduction, the classic test reagent was 2% w/v cobalt(II) thio-
cyanate in distilled water. All testing and reagent materials were stored in a temperature-
controlled indoor laboratory (~72 ◦F or 22 ◦C), being mindful of observed temperature
effects on the sensitivity of the cobalt(II) thiocyanate tests [37]. Analyte and reagent amounts
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were scaled in tandem for larger experimental yields, as carried out in reference [38]. Sam-
ples of cocaine hydrochloride, lidocaine hydrochloride monohydrate, and benzimidazole
were subjected to classic test screening. All reaction vessels were evaluated visually, with
the assistance of a Zeiss Stemi SV6 microscope, for precipitates that could be evaluated
using either single-crystal or powder X-ray diffraction.

3.6. Search of the Cambridge Structural Database (CSD)

The CSD database 5.44 was used as of April 2023. In all runs, Conquest software
(version 2023.1.0) was used. For statistical runs, only structures without disorder and
with r factors of less than 10% were selected. Data were analyzed with Mercury 2023.1.0
(Build 375257).

3.7. Crystallographic Data Treatment

The graph set analysis and overlay plots and calculations were performed using
Mercury (Mercury 2023.1.0, Build 375257). Hirshfeld surfaces were calculated using Crys-
talExplorer (17.5; Revision: f4e298a; Build: 1 May 2017, 11:45). Other structural drawings
were created using CrystalMaker (version 10.7.2).

4. Conclusions

In summary, our work further demystifies the differential outcomes of the cobalt(II)
thiocyanate-based reagent screening of cocaine products and other nitrogenous bases.
While a host of nitrogenous bases yield the hallmark blue positive result to screening,
the exact structure of the blue species depends on the presence of aliphatic or aromatic
amine sites. For nitrogenous bases with aliphatic amine sites, such as cocaine and lidocaine
plus their salts, a positive result is most likely due to the formation of an ion pair (ionic
coordination compound) of the general form (HL)2[Co(SCN)4]. A blue compound of the
general form [CoL2(SCN)2] is likely the result of the coordination of nitrogenous bases with
aromatic amine sites with cobalt(II). The difference noted for the coordinating ability of
aliphatic and aromatic amines is significant, as many controlled substances are aliphatic
amines, with only a few being aromatic amines [39–41], such as methaqualone [42]. Careful
analysis of the CSD data provided additional evidence that the aromatic amines bind more
strongly to Co(II) than aliphatic amines, with the most probable Co-N distances shorter
by 0.02 Å. The use of graph set symbols unambiguously identified a new polymorph of
[Co(Hbzim)2(SCN)2] and showed how it differs from the two previously known poly-
morphs by its different hydrogen bond patterns. Another significant finding was that the
α-[Co(Hbzim)2(SCN)2] polymorph not only has a different packing and hydrogen bond
pattern, but is composed of a different conformer with the benzimidazole ligand rotated
180◦. The β- and γ-polymorphs, on the other hand, have very similar coordination entities.
This study gives insight into the complexity of these tests, because depending on the con-
ditions of the reactions, a different complex is obtained that has different intermolecular
interactions which are essential to understanding the mechanism behind the formation of
each blue species.
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