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Abstract: Phthalocyanines are important organic dyes with a broad applicability in optoelectronics, catalysis, sensing and
nanomedicine. Currently, phthalocyanines are synthetized in high boiling organic solvents, like dimethylaminoethanol
(DMAE), which is a flammable, corrosive, and bioactive substance, miscible with water and harmful to the environment.
Here we show a new solid-state approach for the high-yielding synthesis of phthalocyanines, which reduces up to 100-
fold the amount of DMAE. Through systematic screening of solid-state reaction parameters, carried out by ball-milling
and aging, we reveal the influence of key variables—temperature, presence of a template, and the amount and role of
DMAE in the conversion of tBu phthalonitrile to tetra-tBu phthalocyanine. These results set the foundations to
synthesize these high-performance dyes through a greener approach, opening the field of solid-state synthesis to a wider
family of phthalocyanines.

In the past years sustainability and environmentally friendly
alternatives of producing and synthesizing chemicals are
heavily investigated, aligned with the UN sustainable
development goals #6 and #12—clean water and sanitation,
and responsible consumption and production, respectively.
An emerging greener route to achieve these goals relies on
solid-state reactions, where solvent use is avoided or
drastically reduced.[1,2] Mechanochemistry in particular[3–5]

has gained importance not only in organic or (metallo)-
organic synthesis,[6,7] but also in polymer science[8] or
material chemistry.[9,10] Synthesis of organic dyes, where
water-miscible, high-boiling point solvents are widely used,
will particularly benefit from a more environmentally
friendly synthesis pathway. Mechanochemical and solid-state
synthesis of dyes has the potential to avoid large-scale use of
solvents,[11] thus mitigating the threat to water quality and
the environment, while bringing economic benefits to
industry.

One of the most prominent members among the organic
dyes are phthalocyanines (Pcs). They consist of four
isoindole units linked through aza-bridges. These macro-
cycles can host up to 60 different elements in their core.
Their extended aromatic structure of 18 delocalized elec-
trons endow them with remarkable and tunable optical

properties,[12,13] such as high molar absorptivity in the red-
near infrared range (ca. 600–700 nm), and moderate-to-high
fluorescence, phosphorescence, and singlet oxygen genera-
tion quantum yields.[14] Pcs show a rich chemistry that
enables fine tuning of their colloidal properties,[15] as well as
their conjugation with other photoactive materials[16–18] or
biomolecules.[19–22] Therefore, they are multifunctional mo-
lecular materials with applications in optoelectronics,[17,23–25]

catalysis,[26–28] sensors,[29] and nanomedicine.[30–35] Traditional
Pc synthesis in solution is carried out by cyclotetrameriza-
tion of the phthalic anhydride, phthaloimide, 1,3-diiminoi-
soindoles, or phthalonitrile of interest in solvents such as
dimethylaminoethanol (DMAE), or alkoxides like lithium 1-
pentanolate.[36–40] Catalytic amounts of non-nucleophilic
bases such as 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) are
commonly used as catalyst. Pcs have been reported to show
crystallographic polymorphism under ball-milling
processing,[41] and have been employed in solid-state prepa-
ration of composite materials for traditional applications
such as catalysis,[42–44] energy conversion[45] and storage,[46,47]

and others.[48–51] However, to the extent of our knowledge,
the solid-state synthesis of Pcs has not been reported.

Herein we develop a new solid-state synthetic method
for Pcs. We selected tetra-tBu Pc (1) as model compound
and 4-tBu phthalonitrile (2) as precursor (Figure 1a), in the
presence of equimolar amounts of DMAE. This approach
using ball milling (liquid-assisted grinding, LAG)[52,53] and
aging[54] reduces the amount of solvent up to 100-fold
compared to conventional conditions, typically carried out
at ca. 0.2 M in DMAE reflux.[55] The solid-state reaction
proceeds at lower temperature, differing from harsh con-
ditions used in molten-state reactions that result in overall
low yields,[56–59] and gives a 4-fold increase in Space–Time–
Yield (STY). Our results provide a thorough insight into
parameters influencing the solid-state synthesis of 1, com-
mitting to a more sustainable chemistry without compromis-
ing reaction efficiency.
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Initial experiments investigating the formation of 1
during LAG, that is ball milling 2 in the presence of
Zn(OAc)2 and a small amount of the liquids DMAE (liquid-
to-solid ratio,[60] η=0.192 μLmg� 1) and DBU (η=

0.039 μLmg� 1) for 30 minutes at 30 Hz, shows no detectable
amount of the intensely blue-colored product 1 (Figure 1b).
However, when the resulting white paste-like solid was
enclosed in screw-cap vials and aged in an oven at 55 °C,
deep blue color evolved during a week (Figure 1b), resulting
into a 29% conversion of 2 into 1 (Table 1, Entry 1),

determined by 1H NMR in d6-DMSO (Figure 1c and d). The
calculated conversion (see Supporting Information, Fig-
ure S1) does not account for potential side reactions,
although no other signals are apparent in the aromatic
region of the 1H NMR (Figure 1d, Entry 1). Importantly, the
measured conversion remains unchanged after 14 days of
storing in d6-DMSO, demonstrating that the reaction is
effectively quenched at the measurement conditions. Com-
parable conversion of 26% was reached when the reaction
was started by simply mixing the reactants in the glass vials

Figure 1. a) The general reaction scheme of solid-state synthesis of 1 combining milling (M) and aging (A). b) UV/Vis spectra showing the
normalized absorption of the crude reaction in d6-DMSO after M (red) and M+A (blue). Inset: photographs of as-obtained samples after M and
M+A. c) Screened solid-state reaction parameters and respective conversion as measured by NMR. Full experimental details are shown in Table 1,
Entries 1–6. d) Partial 1H NMR spectra of Entry 1–6, showing the aromatic region used for calculating the conversion. Assigned peaks for 1 and 2
are highlighted in blue and yellow, respectively. e) Conversion of 1 depending on the mixing technique (M+A in green squares, A in blue circles)
upon increase of DMAE amount from η=0.0 to 0.192 μLmg� 1. Sub-equimolar and above equimolar ranges of DMAE to 1 are highlighted in grey
and blue, respectively. Other parameters were kept constant (i.e. 1.2 equiv of Zn(OAc)2, temperature 100 °C, no DBU, 48 h). Triplicate reactions
were carried out for the region η=0.019 to 0.077 μLmg� 1 where mixing effect was observed between M+A and A. The error bars represent the
standard deviation.

Table 1: Screened parameters for the formation of 1, and resulting conversions. All reactions were started with 200 mg of 2, 60 mg of Zn(OAc)2,
and DMAE (η=0.192 μLmg� 1), unless otherwise stated.

Entry Mixing technique DBU [μLmg� 1] Aging time [days] Aging temp. [°C] Conv. [%]

1 M+A 0.039 7 55 29
2 A 0.039 7 55 26
3 M+A 0 7 55 26
4[a] M+A 0 7 55 0
5 M+A 0.039 21 55 56
6 M+A 0 2 100 99
7[b] M+A 0 2 100 3

[a] Zn(OAc)2=0 mg. [b] DMAE η=0 μLmg� 1.
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prior to aging (Table 1, Entry 2), demonstrating that the
milling step was not prerequisite to the reaction outcome.
Similarly, we found that the reactions also proceeded to
26% conversion in absence of DBU (Table 1, Entry 3),
showing that the basic catalyst was not critical to the
formation of 1, yielding ca. 2% enhancement (Figures 1c
and d). This minor increase might be due to improved
reactant mobility rather than the expected catalytic effect,
therefore playing no significant role in the reaction. Remov-
ing both DBU and DMAE (η=0 μLmg� 1) led to 3%
conversion, revealing that the presence of catalytic amounts
of a liquid is necessary (Table 1, Entry 7). The presence of
templating Zn(OAc)2 was crucial for the synthesis of 1, as
the control reaction without the template did not yield any
product (Table 1, Entry 4).

To speed up the reaction and improve the conversion
(56% in three weeks, Table 1, Entry 5), we increased the
aging temperature from 55 to 100 °C. At this temperature,
full conversion (99%) of 2 into 1 was obtained already after
48 hours of aging (Table 1, Entry 6), although some aro-
matic by-products are noticeable (Figure 1d, Entry 6,
between 8.0 and 7.6 ppm). Higher temperatures were not
tested to avoid evaporation of the small amount of liquid
from the reaction. In line with previous reports, the reaction
of phthalonitriles with no inherent symmetry result in regio-
isomers of the corresponding ZnPc, which form a glassy
amorphous product (see Figure S12).[36,61] In order to test
the robustness of the optimized conditions, other liquids
commonly used in LAG protocols and metal templates were
tested. First, DMF results in cyclotetramerization reaction,
although in lower conversion than with DMAE (79%
compared to 99%). On the other hand, DMSO leads to
heavy decomposition, and EtOH led to no reaction (see
Supporting Information and Figure S9). Secondly, different
metal templates were tested, employing the corresponding
acetate or chloride salts (i.e. ZnCl2, Co(OAc)2, CoCl2,
Cu(OAc)2, FeCl2·4H2O, MgCl2, Mn(OAc)2·4H2O and
MnCl2·4H2O). We observed that the Co2+ and Cu2+ acetate
salts resulted in successful reaction, yielding the correspond-
ing metal Pcs 3 and 4. On the other hand, the Zn2+ and
Mg2+chloride salts led to 1 and 5 in lower conversions (see
Table S8 and Figure S10 and S11). Other chloride salts led
to no reaction, which is likely due to higher water content in
the metal salts, either coordinated or adsorbed, which
hinders the cyclotetramerization. To confirm the role of
moisture, the reaction with Zn(OAc)2 (Table 1, Entry 3) was
repeated in the presence of 100% humidity at 55 °C.[62]

These conditions did not lead to a successful reaction, thus
supporting the hypothesis of the negative impact of water on
this reaction.

The optimized reaction conditions (Table 1, Entry 6)
represent a 10-fold reduction in the volume of DMAE used,
to a stoichiometric amount where it cannot be described as a
solvent (η=0.192 μLmg� 1, 1.8 molar equivalents towards the
product 1). Under identical experimental set-up, the con-
version was not significantly affected by scaling-up the
reaction 10-fold (2.0 g of 2, η=0.192 μLmg� 1 of DMAE, see
Table S6 and Figure S8). According to the most widely
proposed mechanism of Pc formation, DMAE acts as

nucleophile that catalyses the Pc formation, initializing the
cyclotetramerization.[14] Therefore, the solid-state synthesis
of Pcs enables the study of the DMAE catalytic range.
Thereafter, we screened the effect of DMAE amount on the
conversion, to determine if the formation of 1 would
proceed with even sub-equimolar amounts of DMAE (Fig-
ure 1e). First, it was found that aging experiments without
previous ball milling (Figure 1e, blue) between DMAE
contents of η=0.077 and 0.192 μLmg� 1 (0.73–1.8 equiv)
results in conversions above 80%, comparable to those with
initial milling (Figure 1e, green). However, reduction in η
below 0.077 μLmg� 1 leads to a steep decrease in conversion,
with a noticeable effect of the mixing technique. Adding an
initial five-minute milling step before aging (Figure 1e, grey
background) improved the conversion ca. 10% below η=

0.077 μLmg� 1. This is likely the consequence from improved
initial mixing of the reaction mixture, i.e. even dispersion of
the liquid and the solid reactants, and from the potential
mechanical reduction of 2 and Zn(OAc)2 particle size, both
yielding more homogeneous solids for aging. Therefore,
with the initial ball milling step only η=0.038 μLmg� 1 of
DMAE (0.37 equiv towards 1) was necessary to reach 69�
2% conversion of 1.

DBU is often used as basic catalyst in Pc synthesis,
therefore we investigated whether the addition of a small
amount (η=0.038 μLmg� 1) could improve the conversion in
the sub-equimolar DMAE range (i.e. η=0 and
0.038 μLmg� 1). Indeed, in this range addition of DBU
improved the conversion of 2 to 1 (see Supporting
Information, Figures S2–S7, Tables S2–S5), giving 76%
conversion with just 0.18 equiv of DMAE present (η=

0.019 μLmg� 1). Fully replacing DMAE with DBU however
resulted in a lower conversion 40% than a comparable
reaction with only DMAE (η=0.038 μLmg� 1, gave 69%
conversion), indicating that DMAE is a more effective
catalyst in these solid-state transformations.

Finally, we studied the progression of the DMAE-
catalysed solid-state reactions at sub-equimolar and above
equimolar catalyst contents (η=0.077 and 0.192 μLmg� 1,
respectively) during 48 hours at 100 °C (Figure 2 and
Table 2, see Supporting Information for full experimental
details of the kinetic experiments). The stacked NMR
spectra (Figure 2a) and the corresponding characteristic
absorbance centred at 678 nm (Figure 2b and S11) shows the
conversion from 2 to 1 over 48 hours and reaction yield,
respectively. The conversion data is plotted on Figure 2c,
showing the formation of 1 (blue) and the consumption of 2
(orange) at η=0.077 μLmg� 1 (triangular symbols) and η=

0.192 μLmg� 1 of DMAE (round symbols). These show, that
at the lower DMAE amount (sub-equimolar), the reaction
stalls before full consumption of 2, i.e. achieving 87�1%
conversion to 1. On the other hand, at higher DMAE
amount almost full consumption of 2 is achieved already
after 24 h, giving 99�1% conversion to 1.

Since the NMR conversion is derived from the ratio
between 2 and 1, but does not take side reactions into
account, UV/Vis measurements (Figure 2b) were performed
to determine the total concentration of 1 in each sample by
using the Lambert–Beer law, thus giving an absolute amount
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of Pc synthetized and the yield (Figure 2d, see Supporting
Information for full experimental details). Indeed, based on
the UV/Vis, while 1 is the major product formed at 62�3%
and 73�2% yield for η=0.077 μLmg� 1 and η=

0.192 μLmg� 1, respectively at 48 h, the formation of 1

effectively converges within 24 h. After that, the formation
of side-products is indicated by the somewhat lower yield of
1 compared to the respective conversions (Table 2) and the
presence of unresolved signals in 1H NMR below 7.8 ppm.
The reaction rates were calculated based on fitting the
absolute concentrations of 1 measured by UV/Vis (Fig-
ure 2d) to a first-order reaction model (see Supporting
Information). This revealed that the reaction rates are k=

4.3×10� 5 s� 1 and k=6.4×10� 5 s� 1 for η=0.077 μLmg� 1 and
η=0.192 μLmg� 1, respectively. As the reaction rates are
relatively similar at both DMAE amounts, we can infer that
the reaction mechanism is the same in both cases. Overall,
we can conclude that while the higher DMAE amount η=

0.192 μLmg� 1 leads to a higher yield (82�4%) and con-
version (96�1%) of 1 after 24 h, sub-equimolar amount of
DMAE η=0.077 μLmg� 1 also leads to a high 62�3% yield
of 1 in 24 h and may thus be preferable liquid-to-solid ratio
when looking to minimize the amount of DMAE used. In
order to show the applicability of our approach, the solid-
state synthesis conditions were also applied to cyclotetra-
merize electron-deficient 4-nitrophthalonitrile into 6, which
was detected by UV/Vis and by solid-state ATR-FTIR
(Supporting Information, Figure S14), but due to very poor
solubility the conversion could not be quantified.

Our results provide a fundamental understanding on
which parameters influence the solid-state synthesis of 1,
setting the foundations for further research. We observed
that the reactions progress during aging at 55 °C (26%
conversion in 7 days) although showing higher conversion
rates at 100 °C (99% conversion in 24 h). An initial ball-
milling step was shown to improve the mixing of reactants at
very low liquid-to-solid ratios η=0 to 0.038 μLmg� 1, but did
not impact the yield of 1 at higher η=0.077 to 0.192 μLmg� 1.
Therefore, in the studied conditions, ball milling process
plays a homogenization role, and the reaction proceeds
during aging. The presence of the metal template and at
least 0.74 molar equivalents of DMAE (η=0.077 μLmg� 1)
proved to be critical for of the efficient formation of 1 (75%
conversion, 62% yield in 24 h). At these conditions addi-
tional catalyst DBU did not lead to a significant increase of
conversion. Increasing the DMAE content to 1.8 equivalents
(η=0.192 μLmg� 1) results in a slightly increased reaction
rate and higher conversions and yields (96% conversion,
82% yield in 24 h). This represents a ca. 3-fold improvement
in the yield of 1 compared to previously reported molten-
state synthesis,[59] and in the same range as previously

Figure 2. Time-dependent formation of 1 by milling and aging at
η=0.192 and 0.077 μLmg� 1 over 48 h at 100 °C. a) 1H NMR stacked
spectra at DMAE η=0.077 μLmg� 1 from 1–48 h, where the decrease of
2 signals (8.2–7.7 ppm) and increase of 1 signals (9.5–8.2 ppm) is
shown. Intensity is normalized to the residual solvent signal. b) UV/Vis
spectra of 1, showing the calculated optical density (OD) of the NMR
samples employed for the determination of concentration of 1.
c) Conversion calculated from the integrated NMR spectra, showing
the evolution of 1 (blue) and 2 (orange) at η=0.192 and 0.077 μLmg� 1

(circles and triangles, respectively). Data shown as the average of three
independent reactions (see Supporting Information, Entries 49–51 and
52–54) �sd. Data points are connected with lines to guide the eye and
show reaction progression. d) Yield of 1 measured by UV/Vis at
η=0.192 and 0.077 μLmg� 1 (blue and grey, respectively). Data shown
as the average of three independent reactions (see Supporting
Information, Entries 49–51 and 52–54) �sd. Fitted data shown as solid
line to a first-order reaction kinetics.

Table 2: Aging time-dependant conversion of 2 into 1. Conversion was obtained from the NMR, and yield from UV-Vis.

Aging time [h][%] η=0.077 μLmg� 1 of DMAE η=0.192 μLmg� 1 of DMAE

Conv. to 1 [%] Yield of 1 [%] Conv. to 1 [%] Yield of 1 [%]

1 0�0 1�1 2�1 3�1
3 10�3 10�4 27�1 29�1
6 31�3 29�3 54�3 56�4
9 46�2 43�1 – –
12 54�1 51�3 – –
24 75�2 62�3 96�1 82�4
48 87�1 62�6 99�1[a] 73�2
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reported yields of 85% reported in solution.[55] Zn2+, Co2+,
Cu2+, and Mg2+ Pcs (1, 3–5) could be obtained by the
developed solid-state approach by using the corresponding
metal templates, as well as the Zn2+ (tetra-
nitro)phthalocyanine (6) from 4-nitrophthalonitrile. These
results provide an efficient approach for the production of
Pcs in a more sustainable way, by reducing the amount of
the high-boiling organic solvent DMAE up to 100-fold. As
the input of constant mechanical agitation proved not to be
critical to reach high yields of 1, these reactions are easily
scalable and the formation mechanism during aging is
expected to follow the DMAE-catalyzed mechanism pre-
viously proposed.[58] Furthermore, this approach does not
rely on the solubility of precursors, being potentially
adaptable for the synthesis of highly unsoluble Pc deriva-
tives.
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