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Abstract

A wide variety of analytical techniques have been employed for monitoring chemical reactions, 

with online instrumentation providing additional benefits compared to offline analysis. A 

challenge in the past for online monitoring has been placement of the monitoring instrumentation 

as close as possible to the reaction vessel to maximize sampling temporal resolution and preserve 

sample composition integrity. Furthermore, the ability to sample very small volumes from bench-

scale reactions allows the use of small reaction vessels and conservation of expensive reagents. 

In this study, a compact capillary LC instrument was used for online monitoring of as small as 1 

mL total volume of a chemical reaction mixture, with automated sampling of nL-scale volumes 

directly from the reaction vessel used for analysis. Analyses to demonstrate short term (~2 h) 

and long term (~ 50 h) reactions were conducted using tandem on-capillary ultraviolet absorbance 

followed by in-line MS detection or ultraviolet absorbance detection alone, respectively. For both 

short term and long term reactions (10 and 250 injections, respectively), sampling approaches 

using syringe pumps minimized the overall sample loss to ~0.2% of the total reaction volume.

Keywords

Capillary Liquid Chromatography; Compact; Portable; Reaction Kinetics; Reaction Monitoring

1. Introduction

Bench-scale reaction monitoring is a common practice in both academic and industrial 

settings. By tracking reactant consumption, product formation, and potential presence of 

impurities over time, optimization of reaction kinetics can be achieved prior to scaling up 

a selected synthetic route [1][2]. Generally, reaction monitoring is achieved through manual 

sampling and offline analysis of a reaction using techniques such as optical spectroscopy 
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[3], GC [4], LC [5], MS [6], and/or NMR [7]. More recently, online reaction monitoring 

has been adopted to further increase the number of data points gathered in a given reaction 

as well as reduce the overall volume needed for an individual sample [8][9][10]. To further 

reduce the amount of sample taken from the reaction vessel for analysis, techniques that 

require minimal volume such as capillary LC can be implemented [11]. The automated 

nature of online monitoring provides for more representative sampling of the reaction, as 

offline approaches can lead to the loss of volatile compounds and/or unstable reaction 

intermediates, especially if there are long delays between sampling and analysis [9][12].

One challenge in performing on-line reaction monitoring of bench-scale reactions is the 

size of the instrumentation relative to the fume hood in which the reaction is performed, 

as lengthy tubing connections can reduce the temporal resolution of sampling due to 

Taylor dispersion [13]. To accommodate instrumentation within the hood adjacent to the 

reaction vessel, compact formats are preferred. Recently, a number of different compact LC 

instruments have been reported [14][15][16][17][18], with some coupled to small footprint 

MS instruments for detection as well [19][20][21]. For reaction monitoring purposes, a 

small LC system using columns in a microfluidic format was coupled to several organic 

reactions for on-line analysis [22]. More recently, a compact LC-UV-MS instrument 

was coupled to commercial reaction vessels and larger reaction workstations, primarily 

focused on on-line process monitoring in a pharmaceutical industry setting [11]. The same 

compact MS has also been coupled directly to a reaction vessel for sampling, using an 

in-line membrane-based phase separator rather than a chromatographic separation [23]. 

In this study, an integrated compact LC platform using capillary column cartridges was 

implemented for on-line monitoring of smaller reaction volumes (on the order of 10–30 

mL) with a standard syringe pump for sampling, representing a common strategy that may 

be used in academic and small-scale R&D environments as an alternative to some larger-

scale automated samplers [24]. As a demonstration of this approach, imine formation and 

acid hydrolysis reactions were monitored using compact on-line LC-UV-MS and LC-UV 

instruments, respectively.

2. Materials & Methods

2.1 Imine Formation Reaction Monitoring

2.1.1 Chemicals for Imine Formation—Acetonitrile and methanol used as reaction 

solvents and mobile phases were both OmniSolv LC-MS grade (EMD Millipore, Billerica, 

MA, USA). Chromasolv LC-MS grade water was acquired from Honeywell (Muskegon, 

MI, USA). Formic acid (98%+ purity) and 4-dimethylaminobenzaldehyde (DMABA, 98%

+ purity) were obtained from TCI America (Portland, OR, USA). Isopropylamine (99% 

purity) was purchased from Beantown Chemical (Hudson, NH, USA).

2.1.2 Reaction Conditions for Imine Formation—The reaction between DMABA 

and isopropylamine is shown in Figure 1A. The approach was based on previous studies that 

explored various conditions for this type of reaction monitored by off-line HPLC [25]. The 

reaction was initiated when 30, 100, or 300 μL of isopropylamine were added to 30 mL of 

0.2 mM DMABA in 1:1 acetonitrile/methanol. The reaction mixture was stirred and heated 
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to 45°C during the entire 2–3 h reaction period, and samples were taken for analysis every 

13 min.

2.1.3 Instrument Set-Up for Imine Formation—Sample was continuously drawn 

from the reaction vessel and through an Axcend Focus LC (Axcend, Provo, UT, USA) 40 

nL internal injection valve loop using a Fusion 200 syringe pump (Chemyx, Stafford, TX, 

USA), which was operated in the withdraw mode at a rate of 0.5 μL/min over the course of 

the reaction. Connections from the vessel to the injection valve and from the injection valve 

to the syringe pump were made using 30 μm inner diameter (i.d.) polyimide-coated fused 

silica capillaries (Polymicro Technologies, Phoenix, AZ, USA), with a 1 μm microfilter 

assembly (Idex, Oak Harbor, WA) placed in-line between the reaction vessel and injection 

valve to prevent particulate material from entering the injection loop and separation column. 

Separation of the reaction mixture was performed using a UV transparent (i.e., Teflon outer 

coating) 100 mm × 0.150 mm i.d. fused silica capillary column (Polymicro Technologies) 

packed with 1.7 μm C18 fully porous particles (CoAnn Technologies, Richland, WA, USA). 

Mobile phase A was 97:3 water/acetonitrile and mobile phase B was 3:97 water/acetonitrile, 

both modified with 0.1% formic acid. The mobile phase flow rate was 1.5 μL/min and 

the gradient program was 10%−75% B over 7 min, back to 10% B over 1 min, and then 

held for 1 min at 10% B. The pressure range across the gradient was 3,300 psi (high 

organic content) to 4,000 psi (maximum mobile phase viscosity), with an overall system 

pressure limit of 10,000 psi. The total cycle time was ~13 min including the syringe fill 

and pressurization sequence. Both on-capillary UV absorbance detection (255 nm) and 

single quadrupole MS detection in selected-ion-monitoring mode (MiD-4500, Microsaic, 

Woking, UK) at m/z values of 150 (DMABA) and 190 (imine product) were used. After 

the on-capillary absorbance detector, a 20 cm segment of 50 μm i.d. PEEKsil tubing (1/32” 

outer diameter, Trajan, Ringwood, Victoria, AU) was used to connect the column outlet to 

the MS source. The ESI source was set at 850 V, with a nitrogen flow rate of 2500 mL/min 

and a vacuum interface voltage of 70 V. A short capillary was connected to the in-source 

flow splitter to reduce the flow directed to the MS to 0.6 μL/min. A general schematic of this 

set-up is shown in Figure 2 and a photograph is shown in Figure S1.

2.2 Aspirin Hydrolysis in Acidic Conditions

2.2.1 Chemicals for Aspirin Hydrolysis—Water, acetonitrile, phosphoric acid (all 

HPLC grade) and acetylsalicylic acid (aspirin) were all purchased from Sigma-Aldrich (St. 

Louis, MO, USA).

2.2.2 Reaction Conditions for Aspirin Hydrolysis—Acid hydrolysis of 10 mg of 

aspirin (Scheme 2) was conducted in a solution containing 0.3 mL concentrated phosphoric 

acid and 0.5 mL 50:50 water/acetonitrile in a 3.7 mL (one-dram) vial (i.e. the reaction vessel 

with stirring over an approximately 50 h period. Samples were automatically withdrawn 

from the reaction mixture and analyzed every 12 min.

2.2.3 Instrument Set-Up for Aspirin Hydrolysis—A similar set-up as shown in 

Figure 2 was used for on-line monitoring of the acid hydrolysis of aspirin (Figure 1B), the 

main difference being that the reaction was conducted in a smaller volume and over a longer 
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time period compared to imine formation reaction monitoring. A prototype nano/micro LC 

syringe pump (ePrep, Oakleigh, AU) was used to withdraw approximately 6 μL of solution 

through the sampling tubing and a 4 nL internal injection loop prior to analysis, and push 

the remainder of the volume back into the reaction vessel immediately after injection. In 

this experiment, 150 μm i.d. fused silica capillaries were used for the connections between 

the vessel, loop, and syringe pump. The column, mobile phases, and on-column detector 

wavelength were the same, although the gradient program was changed to 5–95% B in 

5 min at a flow rate of 2 μL/min. The pressure range across the gradient was 3,200 psi 

(high organic content) to 4,400 psi (maximum mobile phase viscosity). A photograph of this 

set-up is shown in Figure S2.

3. Results & Discussion

3.1 On-Line Reaction Monitoring of Imine Formation with Compact LC-UV-MS 
Instrumentation

In on-line reaction monitoring, maintaining the reaction within a chemical fume hood and 

bringing the instrumentation closer to the reaction vessel ensures safety and allows for use 

of existing reaction set-ups. To achieve this within a standard size chemical fume hood, 

minimizing the size of the instrument(s) is critical, e.g., LC and/or MS. Here, an integrated 

compact LC instrument was operated directly next to a small reaction vessel, with a small 

syringe pump for sample withdrawal to simplify the process compared to larger, more 

expensive commercial reaction samplers. The formation of an imine product through the 

reaction of a benzaldehyde compound and an amine-containing compound (Figure 1A) was 

selected as a reaction to explore because the benzaldehyde reactant and imine product could 

both be monitored by UV and MS detectors. Additionally, a similar reaction has previously 

been monitored with an on-line LC-based analysis using standard benchtop instrumentation 

[26].

In Figure 3A, the separation of the two species is shown as monitored by the on-column 

UV absorbance detector, with the peak area of the DMABA reactant (elution time of ~5.7 

min) decreasing over time and the peak area of the imine product (elution time of ~3.7 

min) increasing as the reaction proceeds. The extracted ion chromatograms (XICs) for each 

of these compounds with MS detection are shown in Figure 3B, which depict identical 

trends in reactant consumption and product formation. The benefit of adding MS to this 

on-line monitoring approach is the capability for selective mass-based detection. However, 

an analyte’s response to a detector cannot be assumed to remain identical across detection 

methods [26]. With soft MS ionization techniques such as ESI, samples with readily ionized 

groups are overrepresented compared to more neutral compounds [27][28], while differences 

in molar absorptivity can lead to similar issues with UV detection [29]. In order to account 

for this discrepancy, a relative response factor (RRF) can be calculated through use of an 

internal standard [30][31]. This poses an issue when applying internal standards to RRF 

calculations for on-line reaction monitoring, as the introduction of additional reagents could 

potentially result in the formation of side products [32][33]. Here, an alternative approach 

using signals from two different instruments, avoiding the need for an internal standard, was 
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applied to the calculations of RRF for potential differences between UV absorbance and MS 

detection [26][33]:

RRF Aldeℎyde = AldeℎydeArea% MS
AldeℎydeArea% UV (1)

RRF Imine = ImineArea% MS
ImineArea% UV (2)

To normalize the dataset across the entire reaction period, the RRF was averaged from 

the calculated value of each collected chromatogram. Once the RRF was established, the 

MS dataset was adjusted by dividing the area percent of each compound (which is defined 

as the ratio of the area of an individual peak to the sum of the areas of all peaks in the 

chromatogram) by its respective RRF. This accounted for potential discrepancies in analyte 

response without the need for the introduction of an internal standard. Using this approach, 

the reaction kinetic curves based on the chromatograms obtained with both detectors are 

shown in Figure 3C. The effects of increasing the isopropylamine volume on the reaction 

are shown in Figure S3, with increasing volumes found to increase the overall rate of 

reaction. Although the general trend of the curves is very similar, there are slight differences 

between the detectors. This can be attributed to the improved detection limits of the MS; 

i.e., as the reactant peak area decreases over time, it eventually reaches a point where it is 

nearly undetectable in the UV absorbance chromatogram, but can still be clearly observed 

in the mass chromatogram. Thus, for reactions performed at low concentrations and/or with 

compounds with low molar absorptivities at a given wavelength, the use of LC-MS can 

provide advantages over LC-UV.

The use of miniaturized instrumentation for reaction monitoring not only provides benefits 

in terms of instrumentation size, but also in sample size. Given the small sample loop 

volume (40 nL), as well as the low withdrawal rate of the syringe pump (0.5 μL/min), the 

volume of reaction mixture lost during sampling is negligible. For this ~2 h reaction (10 

sample injections), a total sample volume of approximately 60 μL was withdrawn from a 30 

mL reaction volume, resulting in a minimal loss of ~0.2% due to sampling. A longer (27 h) 

on-line reaction monitoring approach for imine formation using analytical-scale LC sampled 

~100 μL from a 85 mL reaction vessel every 18 min, leading to an overall sample volume 

of ~9 mL and ~10% loss due to sampling [26]. In the following section, a variation in the 

sampling approach was developed to minimize sample loss for longer reaction monitoring 

times where solely withdrawing the sample could lead to higher volume losses.

3.2 On-Line Dissolution & Hydrolysis Monitoring of Aspirin with Compact LC-UV 
Instrumentation

Acid hydrolysis reactions are commonly monitored in the pharmaceutical industry [34]. In 

this study, a simple one-dram reaction vial was used as a reaction vessel to contain a ~1 mL 

volume for hydrolysis of acetylsalicylic acid to form salicylic acid based on the presence 

of phosphoric acid in the solution (Figure 1B). In Figure 4A, chromatograms selected at 

8 h time points are shown over a period of two days. A slow increase in the peak area of 

the salicylic acid product is demonstrated in Figure 4B across nearly 250 chromatographic 
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injections from the on-line vessel, with a total time of approximately 50 h. Performance of 

the system throughout this time period was consistent, with retention time repeatability of 

0.5% RSD and 0.6% RSD for acetylsalicylic acid and salicylic acid, respectively.

In this set-up, a smaller vessel volume (~1 mL) and longer monitoring time (~50 h) require 

a different approach to on-line sampling than constant withdrawal. Here, the syringe was 

operated in a cyclic fashion where ~6 μL of sample volume were drawn through the 

connecting tubes prior to each injection to ensure that the injection loop was filled with fresh 

solution. Once the injection valve was actuated and the loaded 4 nL of sample was injected 

into the column, the remainder of the volume in the connecting tubes was pushed back into 

the vessel by switching the syringe pump to operate in the forward direction. This kept the 

total volume removed from the vessel across the entire monitoring period to ~1 μL, which 

is only an overall loss of 0.1% of the total reaction volume. Using this automated procedure 

not only simplifies the process for long experiments, but also ensures that the total loss due 

to sampling is negligible, especially for very low volume reactions.

The use of capillary LC is critical to the use of these sampling approaches for low volume 

reaction vessels, as small injection volumes <100 nL are most compatible with small i.d. 

columns. In this example, a 5 min gradient analysis at 2 μL/min consumes 5 μL of each 

solvent per run. The actual volume per run is slightly greater due to the equilibration time 

between each chromatogram in the sequence, with total solvent consumption of ~18 μL 

of mobile phase A and ~6 μL of mobile phase B for each full cycle time. Thus, on-line 

monitoring for an entire week (168 h) would only consume ~20 mL of total mobile phase 

and <3.4 μL of sample (~0.4% of the reaction volume). This approach is not only beneficial 

in terms of minimizing the sample loss due to analysis throughout the course of a reaction, 

but also in terms of overall method “greenness” through a substantial reduction in mobile 

phase consumption [35].

4. Conclusions

The use of on-line analysis for bench-scale reaction monitoring provides multiple benefits 

compared to off-line strategies. Compact designs permit the necessary instrumentation to be 

coupled close to the reaction vessel, which can be advantageous in confined spaces such as 

chemical fume hoods. In this study, imine formation by condensation and acid hydrolysis of 

aspirin were monitored using a compact, on-line, integrated LC platform. Both on-capillary 

UV absorbance and in-line MS detection approaches were demonstrated, with the MS 

providing mass-selective detection, albeit at higher cost and larger total instrument size. 

Because this platform utilizes capillary-scale LC columns, only nL-scale sample volumes 

was required for each sample injection, reducing the total volume loss due to sampling to 

less than ~0.2% for both reactions. This workflow is well-suited to chromatographic-based 

on-line reaction monitoring for volumes in the 10 – 50 mL range, common in a variety of 

synthesis-focused laboratory settings.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Formation reaction of N,N-Dimethyl-4-[(isopropylimino)methyl]aniline from 4-DMABA 

and isopropylamine is shown in (A). Acid hydrolysis reaction of acetylsalicylic acid to 

salicylic acid and acetic acid is shown in (B).
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Figure 2. 
Instrument schematic for on-line sampling from a small reaction vessel into a compact LC 

injection loop using a syringe pump in the withdrawal mode. The capillary LC column is 

contained within a column cartridge that contains an on-capillary UV absorbance detector, 

with the column outlet connected to either the MS inlet (for on-line LC-UV-MS) or a waste 

line.
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Figure 3. 
(A) Chromatographic separations of reactants and products in an imine formation reaction 

mixture over time monitored using UV absorbance detection at 255 nm. The peak eluting at 

~3.7 min represents the imine product and the peak at ~5.7 min represents the DMABA 

reactant. (B) In-line secondary detection by MS in the selected-ion-monitoring mode 

with m/z values of 150 and 190 selected for the DMABA reactant and imine product, 

respectively. (C) Reaction kinetic plot showing progression of product formation for both 

UV and MS detection. Area percentages were calculated as described in the text and MS 

data were corrected using the RRF approach described in Equations 1 and 2.
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Figure 4. 
(A) Chromatographic separation of aspirin acid hydrolysis reactants and products collected 

via UV absorbance at 235 nm. The peak eluting at ~3.0 min represents acetylsalicylic 

acid and the peak at ~3.3 min represents salicylic acid. (B) Reaction kinetic plot showing 

salicylic acid formation as a function of time.
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