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ABSTRACT: Nanospraying supercritical fluids coupled to a mass spectrometer (nSF-MS) using 90 % CO; carrier (sCO;) has shown
an enhanced desolvation compared to traditional liquid eluents. Capillaries with 25, 50, and 75 pm internal diameter (i.d.) with pulled
emitter tips provided high MS detection sensitivity. Presented here is an evaluation of the effect of proton affinity, hydrophobicity,
and nano emitter tip size on the nSF-MS signal. This was done using a set of primary, secondary, tertiary, and quaternary amines with
butyl-, hexyl-, octyl-, and decyl- chains as analytes. Each amine class was analyzed individually to evaluate hydrophobicity and
proton affinity effects on signal intensity. The system has shown a mass-sensitive detection on a linear dynamic range of 0.1 — 100
uM. Results indicate that hydrophobicity has a larger effect on the signal response than proton affinity. Nanospraying a mixture of
all amine classes using the 75 pm emitter has shown a quaternary amine signal not suppressed by competing analytes. Competing
ionization was observed for primary, secondary, and tertiary amines. The 75 and 50 pm emitters demonstrated increased signal with
increasing hydrophobicity. Surprisingly, the 25 um i.d. emitter yielded a signal decrease as the alkyl chain length increased, contrary
to conventional understanding. Nanospraying the evaporative fluid in a sub 500 nm emitter likely resulted in differences in the ioni-
zation mechanism. Results suggest that 90 % sCO, with 9.99 % methanol and 0.01 % formic acid yielded fast desolvation, high

ionization efficiency, and low matrix effect which could benefit complex biological matrices analysis.

=  Introduction

Inert carrier, 90 % sCO,, limits the matrix effect on elec-
trospray ionization efficiency which is controlled in part by sol-
vent evaporation.! Nanospray emitters (nESI) provide small in-
itial droplets resulting in high ionization efficiency.? Typically
fast desolvation of the liquid droplet gives high transmission of
the analytes into the gas phase.? Evaluation of the ionization ef-
ficiency is challenging as the physical state of the droplet and
charged ions change on a nanosecond timescale.* ° Efficient
electrospray is mainly controlled by the proton affinity (PA),
the surface activity, solvent polarity, desolvation, ionic trans-
mission, the excess charge on the droplet, and droplet size.> 8
Reduction of the spraying droplet size using nanospray results
in improved ionization efficiency.’ Substantial changes to these
factors in addition to the analyte composition like hydrophobi-
city and ionic repulsion results in different ionization mecha-
nism.* %10

Electrospraying a supercritical fluid (SF), like carbon di-
oxide (sCO,) can enhance desolvation.!' It results in an in-
creased ionization efficiency and lower background signal
when used as a carrier phase compared to organic liquid phase
ESI. The reduced SF matrix effect mitigates signal suppression
of the analyte and thereby increases the MS signal.'> Coupling
the SF to MS using a nanoemitter (nSF-MS) has shown im-
proved MS signal/sensitivity'> and can potentially provide

insights into the ionization of small molecules. Analysis of dif-
ferent chain lengths, polarity, and proton affinity would help
evaluate the ionization from the supercritical fluid.!* 13

In the ESI equilibrium-partitioning model,’ the droplet sur-
face carries a greater fraction of the excess charge,® and analytes
at the surface are more likely to escape from the droplet sur-
face.'s The limited number of excess surface charges available
to the analyte(s) results in competing ionization. The ionic sup-
pression resulting from the competition between the media and
different analytes limits analyte ionization.'” The chain ejection
model describes the droplet as having the analyte hydrophobic
moiety out of the exterior of the droplet which yields a higher
signal.? The signal increases as the hydrophobicity increases.'?
Nanospraying SF with limited matrix effect and ionic suppres-
sion potentially may unravel differences in the ionization mech-
anism.

Signal response in electrospray is limited by adduct for-
mation and solvent ionization.'® ' The transfer of trace salts in
the liquid solvent (e.g., Na*, K") to the analyte during ionization
results in multiple peaks formation for a single analyte. Nan-
ospray using a capillary emitter is shown to limit adduction.?*
2 Nanospraying sCO> further reduces adduction due to the di-
minished media effect.



A study on the effect of proton affinity, hydrophobicity,
nano emitter i.d., modifier additives, and matrix effect on ioni-
zation is presented here to evaluate the nSF-MS performance.
We use a set of primary, secondary, tertiary, and quaternary
amine model compounds with butyl-, hexyl-, octyl-, and decyl-
side chains nanosprayed by 25, 50, and 75 pm internal diameter
(i.d.) capillary with emitter tip sizes of 486, 544, and 2190 nm.
Signal intensity in nSF-MS was found to be dependent on the
hydrophobicity and the droplet size rather than the PA. The ef-
ficient desolvation has shown analyte-dependent MS signal re-
sponse. Our results provide insights to factors affecting the ion-
ization efficiency of the supercritical fluid nanospray.

=  Materials and Methods.

Reagents and capillaries.

Twenty-five, fifty, and seventy-five um i.d. (360 pm outer diame-
ter) fused silica capillary tubes were purchased from Polymicro
Technologies (Phoenix, AZ). A zero dead volume (ZDV) IDEX
High-Pressure PEEK union was purchased from Cole-Parmer
(Vernon Hills, IL). Fiberglass heater tapes were purchased from
Omega Engineering (Norwalk, CT). A digital display PID temper-
ature controller thermostat was purchased from Twidec (Suzhou,
China).

A 300 mm Column heater “Hot Pocket”, LC-MS grade water, Op-
tima LC-MS grade methanol, formic acid, hydrofluoric acid, and
ammonium acetate, were purchased from Thermo Fisher (Pitts-
burgh, PA). Butylamine, hexylamine, octylamine, decyl amine, N-
methyl butylamine, N-methyl hexylamine, N-methyl octylamine,
N-methyl decylamine, N,N-dimethyl butylamine, N,N-dimethyl
hexylamine, N,N-dimethyl octylamine, N,N-dimethyl decylamine,
trimethyl butylamine bromide, trimethyl hexylamine bromide, tri-
methyl octylamine bromide, and a 500 mg C18 solid-phase extrac-
tion tube Supelclean™ LC-18 (SPE) were purchased from Sigma
Millipore (Saint Louis, MO). Trimethyl decylamine bromide was
purchased from Alfa Chemistry (Ronkonkoma, NY).

Capillary interfaces.

Capillary nanotip orifices were fabricated using a trap-end frit, la-
ser-pulled method.?? Briefly, windows were generated in a 15 cm
long fused silica capillary using an electrical arc to remove the pol-
yimide coating. Photopolymerized frits were generated using a
monomer mix of 350 uL trimethylolpropane trimethacrylate and
150 puL of glycidyl methacrylate with 7.9 mg of benzoin methyl
ether (BME). The porogenic solvent was prepared by mixing 250
uL toluene and 750 pL isooctane. The monomer solution (300 mL)
was added to the porogen solution and sonicated for 15 minutes.
The frit mixture is loaded into the capillary and polymerization was
initiated with UV-lamp (UVP, Cambridge, UK): wavelength was
365 nm, time for the reaction was 30 minutes at ambient tempera-
ture.

Nanospray tips were generated using a laser fiber puller model P-
2000 (Sutter Instruments, Novato, CA, USA) with a heating time
420 msec, velocity 80 msec, delay time 150 msec, and pulling time
225 msec. Each nano emitter fritted capillary was etched in 51 %
hydrofluoric acid by 50 submersions in 30 seconds to open the fine
tip resulting in the nanospray emitter. The 25, 50, and 75 pm i.d.
capillaries were trimmed to 2 cm. The capillary before the split was
wrapped in heating tape to maintain the temperature of the SF. The
short emitter, inline photopolymerized frit, and the proximate po-
sition to the MS achieved nanospray. Edited laser-pulling methods
were used to create (0.50, 0.75, 1.00, and 2.00 um tips) on the 25
pum i.d. emitter (Supplemental Table 1).

SEM imaging.

To determine the nanospray orifice size, scanning electron micro-
scope (SEM) imaging was performed on the laser-cut HF-etched
capillaries. They were sputter-coated with gold metal at 30 mA for
40 sec. using a vacuum chamber (Denton Vacuum LLC, NIJ). The
sputter-coated capillaries were imaged by an SSD camera Inspect
F50 model. The SEM (FEI, Hillsboro, OR) was operated at 10 kV
acceleration voltage to give the optimum image pixels. The tip size
images were analyzed using the ImageJ software (National Insti-
tutes of Health, Bethesda, MD).?* SEM was used to image the ca-
pillary columns i.d.s and the different tip sizes (Supplemental Fig-
ure S-1).

Sample preparation.
Purification of quaternary amines.

The presence of counter-ions may result in the neutralization of the
quaternary ion and salt formation.>* The halide counter-ion has
been shown to form complex clusters with other ionizable species
in the solution.?’ Injection of the quaternary amines individually,
has shown low analyte signal intensity and a complex mass spec-
trum indicating adduct formation and clustering (Supplemental
Figure S-2). To eliminate this occurrence, the quaternary amine
standards were subjected to a Solid Phase ion Exchange (SPE) car-
tridge to remove the bromide ions. Twenty mM of each quaternary
amine stock solution was purified by the C18 SPE column. 2.5 mL
of water was used for conditioning the SPE particles. 1 mL aliquot
of each quaternary amine was injected through the SPE extraction
tube separately. Rinsing of the standards retaining on the SPE col-
umn was performed using 1 mL H20 to remove salts followed by
a 1 mL CD30D for quaternary amines elution.

The recovered extracts were dried separately at room temperature
under a vacuum centrifuge. The dried extracts were reconstituted
in 1 mL CD3;OD and spiked with 200 mM formic acid internal
standard for quantification. This was done using quantitative nu-
clear magnetic resonance (QINMR) experiments. After quantifica-
tion of the purified stock standard solutions, samples were dried
again in the vacuum centrifuge at room temperature and reconsti-
tuted in methanol.

Nuclear Magnetic Resonance.

Bruker Advance HDTM 700 MHz NMR spectrometer was used
for quantification of the C18 SPE-purified quaternary amines in
gNMR scans. Relative concentration quantification was done us-
ing the formic acid internal standard. The adjusted parameters for
gNMR data acquisition were: the relaxation time (T1) =7.77 sec =
1.44 Tnull, the relaxation delay time (D1) = 50 sec, acquisition
time (taq) = 5.19 sec, the 90 °pulse = 8.725, and the RsFID = 0.19
Hz. The scanning rate was 19 sec/1scan which gave the signal to
noise of (S/N =82,859). NMR spectrums of the purified quaternary
amines are shown in (Supplemental Figures S3 — S6).

Stock and working solutions.

10 mM standard stock solutions of the primary, secondary, tertiary,
and purified quaternary amines were prepared. A separate 50 pM
primary, secondary, tertiary, and quaternary working solutions
each of butyl-, hexyl-, octyl-, and decyl- amines were prepared in
methanol with 0.1 % formic acid. A mixture of octylamine, N-
octylamine, N,N-dimethyl octylamine, and trimethyl octylamine
were prepared at different concentrations of (100 nM, 1, 10, 50,
and 100 pM) for the competing ionization study.

Supercritical fluid system.

Shimadzu’s ‘Nexara UC’ supercritical fluid system is driven by a
modifier pumping (LC-30A) and COz solvent delivery unit LC-
30ADSF system. The CO:2 gas delivery unit has a built-in pump
head cooler and uses a micro-volume double plunger pump. The
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system contains a communication bus module (CBM-20A) and
(SIL-30AC) autosampler. The temperature was controlled by
(CTO-20AC) heating oven and the pressure was controlled by an
SFC-30A back pressure regulator (BPR).

Mass Spectrometer.

Experiments were performed on an LTQ XL Linear Ion Trap mass
spectrometer (Thermo Fisher Scientific, San Jose, CA). A Thermo
nanospray Flex™ ion source emitter in positive ionization mode
was used for the characterization of the nanospray at +1-4 kV spray
voltage, 250 °C capillary temperature. A Thermo source ESI hous-
ing heated probe (HESI) was used for full flow sample introduc-
tion. The optimized parameters were as follows: sheath gas was 10,
auxiliary gas was 7, sweep gas was 5, and spray voltage was 3 kV.
The capillary temperature was 250 °C. The mass range was from
50 - 300 m/z, scan time was 1 micro-scan, maximum injection time
10 msec, and AGC was 1E6.

Data Processing: Xcalibur, GraphPad Prism, and RStudio.

Data files in (RAW) format were displayed on Xcalibur Qual
browser software from Thermo Scientific. Graphing was done us-
ing GraphPad Prism9 software. The 3D heat maps of signal inten-
sities as a function of pressure and volumetric flow rates were dis-
played using RayShader. It is an open-sourced 3D mapping pack-
age using ‘R’ software. R is programming and displaying software
using the RStudio platform.2¢

Computational estimates of proton affinities.

Simulations were performed to enable effective characterization
of the potential energy surfaces of the neutral and protonated
amines. Candidate structures were systemically generated via the
tool Fafoom, a genetic algorithm.?’-° The structures were initially
optimized using the MMFF94 Force Field.?' Geometry optimiza-
tions of the resulting candidate conformations were performed
with the Gaussianl6  software package at the M06-2X/6-
31+G(d,p) and then M06-2X/6-311++G(2d,2p) levels of theory.?
Degenerate structures were removed between stages. Frequency
calculations from the optimized structures enabled the standard en-
thalpy at 298 K to be calculated. Our computational estimates of
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the proton affinities of the neutral analytes were determined as the
difference between the lowest standard enthalpy at 298 K values
of the protonated analyte, and the sum of the neutral analyte plus
the 6.2 kJ mol™! correction for the thermal energy of a proton at 298
K.33

Results and discussion.

System optimization.

The nSF-MS system was used to evaluate the signal response for
analytes of different proton affinities and hydrophobicities (Figure
1). Nanospraying a set of butyl-, hexyl-, octyl-, and decyl- side
chains of the primary, secondary, tertiary, and quaternary amines
separately for each amine class was done using 90 % sCO2 with
9.99% methanol (0.01 % formic acid final concentration) as a car-
rier phase. The 3D heat maps show the MS signal response as a
function of the back pressure regulator (BPR) in (MPa) and the
linear velocity of the effluent in (cm/sec). A clean MS spectrum
with low background noise was observed across different operat-
ing conditions. This may be due to the efficient desolvation of the
ionizing media nanospraying the SF effluent.!* To ensure that car-
bamates are not formed between the amines and sCO2, we moni-
tored for the potential product and observed no indication of this
reaction (Supplemental Figure 7) at 50 °C in ~ 0.3 — 0.5 seconds
elution time (Supplemental Figure S-24, S-26).34%

Nanospraying longer alkyl chains showed higher signal response
across all amine classes. This observation was most pronounced in
the quaternary amines. As there is no proton/charge transfer step
to the ionization process for quaternary amines, the higher signal
is a result of the hydrophobic moiety increasing surface location.
This likely occurs due to the increase in solvophobicity.!* The in-
creased hydrophobicity may have resulted in increased dispersion
in the carrier phase which increases the readiness of the molecules
to leave the electrospray droplet. This ultimately improves the MS
signal response.

Based on these initial results, the system was further tested to ex-
amine the scope of changing SF and flow-based parameters. The
system was designed to maintain the supercritical state until
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Figure 1: Optimization of the operation pressure and the linear velocity of the supercritical fluid-nanospray-MS (nSF-MS) signal re-
sponse. 3D heat map signal intensity trends as a function of pressure (MPa) and linear velocity (cm/sec) and the corresponding MS spectrum
nanospraying supercritical fluid A) primary, B) secondary, C) tertiary, and D) quaternary octyl amines and the MS spectrum of butyl- (Ca),
hexyl- (Ce), octyl- (Cs) and decyl (Ci0) hydrophobic side chains of each amine class using 75 pm i.d. nano emitters.
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reaching the emitter orifice.'* System optimization was performed
using laser-pulled HF-etched inline embedded photopolymerized
frit 2 cm nanoemitters. The split flow emitters resulted in 64, 174,
and 352 nL/min using the 25, 50, and 75 pm i.d. respectively. This
was done at the pressure range of 15 — 25 MPa using 50 °C heated
connections nanospraying sCO2 with 10 % methanol (0.01 % for-
mic acid) at 3 kV.!3 Investigation of the amines signal response
was a function of the linear velocity of 0.15 — 0.42 cm/sec for the
25 pm, 0.14 — 0.40 cm/sec for the 50 um, and 0.07 — 0.21 cm/sec
for the 75 um i.d. nano emitters (Supplemental Figures S8 — S19).
The primary, secondary, and tertiary amines showed an increasing
nSF signal response as the volumetric flow rate increased from
0.15 — 0.40 for the 25 pm i.d., 0.14 — 0.38 pm i.d. for the 50 um
i.d., and 0.07 — 0.17 cm/sec for the 75 um i.d. The signal intensity
started to drop flowing faster than 0.40, 0.38, and 0.17 cm/sec for
the 25, 50, and 75 pm i.d. respectively. Low to non-detectable sig-
nal response was found when flowing slower than 0.15, 0.14, and
0.07 cm/sec for the 25, 50, and 75 pm i.d. respectively (data not
shown). The highest signal was found at 0.28, 0.26, and 0.14
cm/sec for the 25, 50, and 75 um i.d. respectively using 90 % sCO2
at 18 MPa, 50 °C.

The SF density and the operating pressure is determined in part
by the percent methanol present.>® A minimal amount of methanol
was used to achieve a stable MS signal response and explore the
effects on ionization. The effect of methanol on MS signal re-
sponse and the pressure of the operating pumps is shown in Sup-
plemental Figure S-20 and Supplemental Table T-2. Increasing
the % methanol from 5 — 10 % has shown a linear signal intensity
and pressure increase. Exceeding the 10 % modifier has shown a
slight signal drop while the pump pressure continues to increase.
Beyond 50% methanol, density errors from the pump ensued,
likely due to the high flowrate and combination of the restrictive
nanospray system.3% 3738

Ionizing media effect.

Modifier additives (e.g. water, salts) have been used to enhance
sensitivity and improve selectivity in supercritical fluid chroma-
tography.?® Figure 2 shows the modifier effect on the primary, sec-
ondary, tertiary, and quaternary amines signal using a 75 pm i.d.
open tube nSF emitter with a tip size of 2190 nm. A 1 pL injection
of each amine class was performed individually to investigate the
modifier additives effect. Formic acid showed a significant im-
provement in the nSF-MS signal response compared to pure meth-
anol for all amine classes. While the pKa of the sCO2:CH30H mix-
ture is unknown, the apparent pH was experimentally found around
5 - 6.37 Increasing the acidity using formic acid increases proton
availability and ionization efficiency.*® However, a full

1|No co-solvent 3|/5mM Ammonium Acetate  5(1%H.0 7

2/0.1% Formic Acid 4/10mM Ammonium Acetate 6/5%H.0 8
1.6%106+ q 1
1.4x10%4 4 ® N-methyl Decylamine

® Decylamine .
® Butylamine f
1.2x1054 ® Hexylamine B I
® Butylamine

® N-methyl Octylamine
® N-methyl Hexylamine
® N-methyl Butylamine

1x10°4

8105+

6x10°5

4x1054

2x1054

o

investigation of the role of the pH on the MS signal response was
not covered in this study. The formic acid effect on the nSF signal
response was less pronounced in the quaternary amines. This is due
to the fixed positive charge where desolvation of the quaternary
amines is the driving force to gas phase ionization, irrespective of
the ionizing media.*> 4> The signal enhancement of quaternary
amines with the addition of formic acid is likely due to increased
conductivity of the fluid.

Ammonium acetate and water have been used in SF systems to
enhance chromatographic performance.*> ** These salts and water
showed signal suppression effects on the amine signal in our nSF-
MS open tube system in the form of adduct peaks (Supplemental
Figure S-21) as previously reported.'® This may explain the signal
drop using ammonium acetate or water additives.

Methanol acidifies the sCO2 and enhances the carrier polarity.’’
Decreasing the pH using formic acid spiked into the methanol has
shown improved MS response. A similar observation was found
for the quaternary amines signal. The acidic media should decrease
the counter ions, thereby enhancing the availability of free quater-
nary amines.* Increasing the basicity of the modifier has shown
signal suppression of the amines. In such a case, the modifier gets
protonated at the expense of the amines which may be attributed to
adduct formation or signal suppression effects.'? !> The complete
understanding of the effect of pH would be interesting for future
studies.

Competing Ionization.

The ionizing media typically acquires a charge more readily than
the analyte, competes with it, and results in signal suppression.*’
The polar moiety of the analyte eases ionization whereas the hy-
drophobic moiety gives a higher signal response.'* A 1 uL mixture
of primary, secondary, tertiary, and quaternary amines was in-
jected at different concentrations. Figure 3A shows the MS spec-
trum of the octyl amines mixture where the base peak of the qua-
ternary octyl amine was found. The relative abundance of the ter-
tiary amine was 50 % whereas the primary and secondary amines
were between 15 — 25 %.

This further supports the observed detection sensitivity based on
the charge transfer step in achieving gas phase ionization. Injection
of a mixture of primary, secondary, tertiary, and quaternary octyl
amine mixture (Figure 3B) was done to compare the competing
ionization versus injection of quaternary octyl amine injection
alone (Figure 3C). These injections were done at different concen-
trations separately. The quaternary octylamine signal intensity was
statistically the same whether injected alone or in a primary,
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Figure 2: Modifier additives effect on nSF-MS signal response. The nSF-MS signal intensities of A) primary, B) secondary, C) tertiary,
and D) quaternary amine mixtures using the 75 um i.d. interface at 18 MPa, 50 °C, 0.14 cm/sec using 90 % sCO2: 10 % methanol spiked

with co-solvents 1 — 8 added to the methanol.




secondary, tertiary, and quaternary octyl amines mixture. These re-
sults indicate that the quaternary amines electrospray had minimal
signal suppression with either solvent or ionizable species in the
injected sample plug.

Competing ionization was found between the primary, secondary,
and tertiary amines. The tertiary amines showed a higher signal
intensity than the secondary and primary amines on a dynamic
range of 0.1 — 100 uM. Results indicated competing ionization de-
pends on the concentration of the ionizing species.!” 4¢ Increasing
the sample concentration was followed by a more pronounced
competing ionization effect.!” The quaternary amine signal was
slightly higher than the other amines in the 100 nM sample. The
signal intensity difference between the quaternary and the other
amines increased with concentration increase. Ten-fold higher sig-
nal intensity was found for the quaternary octylamine compared to
the primary and the secondary octylamines between 25 — 100 uM.
The tertiary octylamine signal was statistically higher than the pri-
mary and secondary amines and lower than the quaternary amine.
Ultimately, the primary, secondary, and tertiary amines yield sig-
nal responses that are most similar at lower concentrations com-
pared to higher concentrations.

A linear relationship with R? of 0.998, 0.999, 0.998, and 0.998
was found for the primary, secondary, tertiary, and quaternary
amines respectively to the dynamic range of 0.1 — 100 uM (Sup-
plemental Figure S-22). Collectively, the quaternary amine
yielded a higher response over all the other amines whereas the
tertiary amine outcompeted the primary and the secondary amines.
Agreeing with our previous study on the nSF system develop-
ment,'? injections of amines have shown mass-sensitive detection
(Figure 3D). When the MS signal response changes linearly with
increasing the mass injected, the detection sensitivity is considered
mass-sensitive.’ Injection of 1, 2, and 5 pLs of primary, second-
ary, tertiary, and quaternary octylamines separately have shown a
signal intensity increase. A significant signal intensity gain was
found in nanospraying the quaternary amine as the mass injected
increased, indicating a high degree of desolvation.

Interfacing the SF to the MS is typically performed using a make-
up flow.*® It is used to avoid precipitation as solubility drops as a
function of the CO2 depressurization during chromatographic elu-
tion.*” However, this results in sample dilution, ionic suppression,
and sensitivity loss.'? 1330 Methanol with 0.1 % formic acid flow-
ing at 0.2 mL/min was used as makeup to 1 mL/min 90:10
sCO2:CH30H (0.01 % formic acid) supercritical fluid using a 75
um i.d. emitter. The makeup flow resulted in a signal intensity drop
for all the amine classes tested (Supplemental Figure S-23). The
introduction of organic makeup flow to the supercritical fluid re-
sulted in a signal intensity drop whereas the nSF-MS split-flow re-
sulted in signal intensity enhancement. It showed signal intensity
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Figure 3: Competing ionization and MS detection sensitivity
nanospraying 90 % supercritical fluid COz. A) MS spectrum
of 100 pM octyl amines. The nSF-MS signal intensities of B)
primary (lry), secondary (2ry), tertiary (3ry), and quaternary
(4ry) octyl amines mixture and C) 4ry octyl amine only using a
75 um i.d. emitter at 18 MPa, 50 °C, 0.14 cm/sec. D) Mass-sen-
sitive nSF-MS signal intensity trends shown by 1, 2, and 5 pL
injection volumes.
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Figure 4: Emitter tip size effect on the MS signal of the supercritical fluid nanospray. The MS signal intensity trends of A) primary, B)
secondary, C) tertiary, and D) quaternary; butyl (Cas), hexyl (Cs), octyl (Cs), and decyl (Cio) amines. The amines were nanosprayed by 90 %
sCO2: 10 % methanol (0.01 % formic acid) using 25, 50, and 75 um i.d emitters.




gain of 2.13x10°+1.9 for the primary amines, 4.52 x10°+0.2 for the
secondary amines, 4.05 x10°+0.3 for the tertiary amines, and 6.79
x10%+0.6 for the quaternary amines.

Nanoemitter tip.

Nanoemitters with low to sub-micron tip diameters produce a
small droplet size improving the ionization efficiency.’! They di-
minish analyte-salt adduction during droplet evaporation and result
in enhanced MS detection.’? Figure 4 shows a normalized signal
intensity comparison of nSF for all the amine classes injected sep-
arately. Because the system operates in mass sensitive detection,!?
signal intensity was normalized to mass injected (1.16, 3.16, and
6.40 pmoles for the 25, 50, and 75 pm i.d. emitters respectively).
The quaternary amines show an increased signal intensity trend as
hydrophobicity increased throughout all the emitter i.d.s and tip
sizes.> However, in a mass-sensitive detection, a comparable sig-
nal response was found amongst different amine classes after nor-
malization to the mass injected. This indicates the substantial effect
of proton transfer in the nanospray of supercritical fluids. For 75
and 50 um capillaries with 2 um and 0.5 pum tip orifices respec-
tively, the increase in alkyl chain length corresponded to an in-
creased signal response. This did not hold for the 25 um capillary
with a 0.5 pm tip orifice. The inverse was observed, as increased
chain length showed a decrease in signal amongst primary, second-
ary, and tertiary amines. Because the tip orifice (0.5 um) is the
same for both 25 and 50 pum capillaries, the substantial difference
is likely attributed to the flow rate as shown in the Supplemental
Figure S-24 FIAgrams. Examination of the same nanospray emit-
ters using conventional organic solvent instead of SF did not show
such trends at the 25um emitter (Supplemental Figure S-25).

The decrease in signal response as alkyl chain length increased
for the 25 pm i.d. (~500 nm) emitter was of distinct interest. To
investigate the observation of decreasing signal intensity with in-
creasing alkyl chain length, 0.5, 0.75, 1.0, and 2.0 um tips were
laser-pulled on 25 pm i.d. emitters (Figure Table T-1). Injection
of 1 uL of 50 uM of each amine class was done individually on
each emitter. The apparent signal intensity was normalized to the
mass injected of 1.16, 2.13, 4.33, and 5.65 pmoles injected on a
0.5, 0.75, 1.0, and 2.0 um emitter on the 25 um i.d. emitter
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Figure 5: Characterization of the effect of tip size on nSF sig-
nal response. Normalized signal response and picomoles injected
using A) 0.50 pm (1.16 pmole), B) 0.75 um (2.13 pmole), C) 1.00
pm (4.33 pmole), and D) 2.00 pm (5.65 pmole) tip size on the 25
pm i.d. nESI emitter.

respectively. The primary, secondary, and tertiary amine signal re-
duction with increasing hydrophobicity was consistent with using
the 486 nm tip (Figure 5).

The decrease in signal intensity with increasing chain length in
the 500 nm tip is contrary to conventional understanding.'* The
phenomenon is possibly due to an alteration of the electrospray
mechanism at small droplet sizes.> '% 3* The small initial nano
droplet consisting of 90% evaporative sCO2 and 10% methanol
may have resulted in substantial and rapid desolvation which
largely depends on the ionic repulsion between the charged analyte
and the aerosol droplet.?>* The smaller ions would have had higher
ionic repulsion from the ionic droplet. This results in higher ionic
transmission and consequently higher signal for the smaller ana-
lytes.> >33 Another factor that may have attributed to the difference
in sensitivity is the desolvation time of different structures of the
ionizing species.>” The 25 pum i.d. with a 500 nm emitter may not
provide enough time for transferring the charge onto the analyte
before the analyte is ejected.> *° In this case, the larger hydrophobic
molecules may be squeezed out of the droplet rapidly as neutrals
before they have time to be protonated.

As the tip i.d. increased for the 25 pum i.d. emitter, the inverse
signal intensity to the hydrophobicity effect was mitigated for
those analytes requiring proton transfer. The flow rates for 500
and 750 nm orifices were nearly identical yet showed distinct re-
sponses for increasing alkyl chain lengths (Supplemental Figure
S-26). The 0.5 pm showed a decrease in signal with increasing
chain length while the 0.75 um showed no substantial change in
signal response with hydrophobicity. Because the flow rates were
near equivalent for both tips, the differences in signal response are
attributed to orifice size.

An overall decrease in signal intensity was found for the primary,
secondary, and tertiary amines when the emitter tip is increased to
0.75 and 1.00 um (Figure 5, y-axis red and blue). The signal from
the quaternary amines was relatively similar when nanosprayed on
the 0.5 and 0.75 pm tips of the 25 pm i.d. emitters. Of considerable
interest is the 0.75 um emitter tip response. In this case, a near
plateau of signal intensity is found for changes in the alkyl chain
length. This also holds for the level of amine methylation. Alt-
hough limited in the number of analytes, these trends hold the pos-
sibility of generating near-equivalent signal responses independent
of hydrophobicity and amine methylation/proton affinity. This
contrasts with the increasing slope of signal intensity and chain
length found using the 1 and 2 pm tips.

The results from Figure 4 show that the flow rate dictates the dif-
ferences in the signal response of alkyl chain length. Figure 5 in-
dicates that on small flowrates, orifice size dictates the response of
alkyl chain lengths. Taken together, these results suggest that both
flow rate and orifice size are critical to understanding this new phe-
nomenon. More studies are needed to further clarify the situation.

Ionization efficiency.

The ESI ionization is largely dependent on the PA of the desolv-
ating analytes.® Ionic suppression may be evolved if the PAanalyte <
PAsolvent. Computational estimation of the gas-phase PA of the pri-
mary, secondary, and tertiary amines using the MO06-2X/6-
311++G(2d,2p) level of theory (Supplemental Table T-3) indi-
cates a systematic increase from 917.0 kJ mol™' (Butylamine) with
size and degree of nitrogen substitution consistent with earlier
work on smaller systems.?”3?
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Figure 6: Characterization of the emitter i.d. correlation to proton affinity, analyte hydrophobicity (logP) on the supercritical fluid-
nanospray-MS (nSF-MS) signal response. Signal intensity trends and the corresponding ionization efficiency nanospraying supercritical
fluid on a A) 25, B) 50, and C) 75 pum i.d. emitter. The log (normalized amine signal to number of picomoles injected) is color-scales from
4 -5.5 as the deeper red represents a higher signal and deeper blue represents lower normalized signal. Logarithmic scale normalized signal
per picomoles injected as a function of D) logP and E) proton affinity (PA) (kJ/mol). The decreasing 25, and increasing 50, and 75 pm i.d.
nano emitters signal intensity trends as a function of analyte hydrophobicity (logP). The normalized values were 1.16, 3.16, and 6.40
picomoles injected on the 25, 50, and 75 um i.d. nano emitters respectively.
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chains.




While the PAgovsco2 with 10 % methanol (0.1 % formic acid) is not
known, PAcoz and PAcuson are 540.5, and 754.3 kJ/mol respec-
tively.>” Results have shown an increased signal intensity as the
proton affinity increased by the order of tertiary > secondary > pri-
mary (Supplemental Table T-3).* Normalization to the mass in-
jected has shown a comparable signal response to different amine
classes on the same emitter i.d.

Contrasting the calculated PA with the nSF-MS signal response
was done after normalization to the 1.16, 3.16, and 6.40 pmoles
injected on the 25, 50, and 75 pum i.d. emitters respectively for each
amine class (Figure 6 A-C). Results show increasing trends for 50
and 75 pm i.d. emitters as a function of logP (warming colors). A
decreasing signal intensity trend were found using the 25 pum i.d.
emitter as the logP increased (cooling colors). The small emitter
(tip size ~ 486 nm) (Supplemental Figure S-1) likely produced
extremely small initial droplets.? Nanospraying 90 % sCO: using
anano-scale emitter resulted in a difference in which the ionization
mechanism dominated the event.

Ionization efficiency depends on the initial droplet size, logP, and
the nature of the analyte for conventional nanospray systems.! 2
Figure 6D, E show the averaged normalized signal intensity of
primary, secondary, and tertiary amines as a function of logP and
PA. Our results have shown a linear correlation of the nSF-MS sig-
nal towards the logP and a non-linear correlation for PA. The 25
pum i.d. emitter has shown decreasing signal trends as a function of
logP and PA.

These results suggest a correlation of the analyte hydrophobicity
to the ionization efficiency more than the PA in the nSF-MS sys-
tem. The efficient ionization may have been attributed to near-
complete desolvation and increased ionization opportunity for an-
alytes of different proton affinities. This led to ionization inde-
pendent of the media and a more pronounced tip size effect. In-
creasing the hydrophobicity of the alkyl side chain seemed to
largely affect the ionization mechanism across all emitters.>3 8
The quaternary amines have shown signal response unaffected
with the emitter tip size but increasing as logP increases. This may
be explained by the quaternary amines acting as weak Lewis acids
which weakly interact with the solvent.*? They are being repelled
from the charged droplet which results in desolvation almost inde-
pendent of the presence of ionizable species. The fixed positive
charge may have resulted in MS detection controlled by desolva-
tion of the hydrophobic moiety rather than proton affinity.*> %

Adduct profiling.

Analytes [M] are prone to adduction to ions in solution during the
ESI process.®® This results in the formation of multiple peaks of
the same analyte (i.e. [M+H]" and [M+ion]") diminishing the ana-
lyte signal. Capillary nano emitters improve ionization efficiency,
enhance sensitivity, and limit adduction.?!> % ¢! A systematic ad-
duction profile of the nSF system is shown in Figure 7 for primary,
secondary, and tertiary amines. A mixture of butyl-, hexyl-, octyl-
, and decyl- amine of each class was injected individually using the
25, 50, and 75 pm i.d. emitters. Detailed signal intensities of the
detected adduct peaks are shown in Supplemental Figures S27 —
S30. The ESI process involves the acceleration of the analyte-me-
tallic adduction.? This results in the formation of more adducts of
the same analyte. The use of nano emitter results in limits the me-
tallic adduction. The signal intensity of the amines adducts de-
creased as the nano emitter id. decreased.?’ Increasing the analyte
hydrophobicity has shown a slight decrease in the number of ad-
ducts formed. This may be due to the increased gas-phase basicity,
surface activity, and consequently ionization efficiency.® The nSF
system showed fewer adducts which may be due to the low meth-
anol percentage in the droplet, less organic interferent counter ions,
and other alkali metal adducts. '* % The system provides enhanced

sensitivity, especially in complex matrices.®> The efficient nSF
desolvation using 90:10 sCO2:CH30H with 0.01 % formic acid
may have provided a better ionization, desolvation, ionic transmis-
sion, and a small number of adduct peaks.

Conclusion.

The developed nSF-MS system has shown high detection capa-
bility for analytes with different proton affinities and alkyl chain
lengths.% 67 A linear dynamic range was found between 0.1 — 100
uM. Competing ionization was absent for the quaternary amines
whereas near-equal ionization opportunities were found for pri-
mary, secondary, and tertiary amines. The clean MS spectrum with
low to no adduct peaks showed that nanospraying 90 % sCO2
would potentially advance the detection sensitivity in complex bi-
ological matrices.

Results suggest that the nSF is largely dependent on logP and the
droplet size rather than the PA. Nanospraying the SF using a 25
pum i.d. emitter (486 nm tip) has shown a signal intensity with less
dependence on the analyte logP.>> We hypothesize that the ob-
served phenomena may be due to the difference in ionization
mechanism or insufficient desolvation time. The definitive answer
requires modeling of the supercritical fluid nanospray in a future
study.
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Supplemental Figure S-1: SEM imaging of nano emitter tips.
Scanning electron microscope images of A) 500 nm, B) 750 nm, C) 1000 nm,
and D) 2000 nm tips created on a 25 pm i.d. capillary emitter
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Supplemental Figure $-2: LIT-MS spectrum of a separate injections of quaternary butylamine A) before and B) after solid phase ion
extraction (SPE). Injection was done at 18 MPa, at 50 *C using 80 % sCO, with 10 % methanol (0.01 % formic acid final concentration)
nano-emitted by the 75 pm tip at 0.14 cm/sec.
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Supplemental Figure S-3:

gNMR mass shifts of trimethyl butylamine.
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gNMR mass shifts of timethyl hexylamine.
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gNMR mass shifts of timethyl octylamine.

Supplemental Figure S-5:
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gNMR mass shifts of trimethyl decylamine.

Supplemental Figure S-6:
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Supplemental Figure S-7: LIT-MS spectrum of a separate injections of A) primary hexylamine B) secondary hexylamine standards

showing the absence of amines reaction with sCO, contaminants. A 1 pL injection of 50 uM standard was injected at 18 MPa, at 50 °C

using 90 % sCO, with 10 % methanol (0.01 % formic acid final concentration) nanc-emitted by the 75 pm tip at 0.14 cm/sec.
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Supplemental Figure $-8:
3D heat map of the supercritical fluid-nanospray-mass spectrometer (nSF-MS) signal intensity of butyl-, hexyl-, octyl-, and decyl- primary amines as a function

of pressure and linear velocity using 25 pm i.d. capillary nano emitter .
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Supplemental Figure S-9:

3D heat map of the supercritical fluid-nanospray-mass spectrometer (nSF-MS) signal intensity of butyl-, hexyl-, octyl-, and decyl- primary amines as a function

of pressure and linear velocity using 50 pm i.d. capillary nano emitter .
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Supplemental Figure S-10:

3D heat map of the supercritical fluid-nanospray-mass spectrometer (nSF-MS) signal intensity of butyl-, hexyl-, octyl-, and decyl- primary amines as a function

of pressure and linear velocity using 75 pm i.d. capillary nano emitter .
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Supplemental Figure 5-11:
3D heat map of the supercritical fluid-nanospray-mass spectrometer (nSF-MS) signal intensity of butyl-, hexyl-, octyl-, and decyl- secondary amines as a function

of pressure and linear velocity using 25 pm i.d. capillary nano emitter
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Supplemental Figure $-12:

3D heat map of the supercritical fluid-nanospray-mass spectrometer (nSF-MS) signal intensity of butyl-, hexyl-, octyl-, and decyl- secondary amines as a function

of pressure and linear velocity using 50 pm i.d. capillary nano emitter .
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Supplemental Figure $-13:
3D heat map of the supercritical fluid-nanospray-mass spectrometer (nSF-MS) signal intensity of butyl-, hexyl-, octyl-, and decyl- secondary amines as a function
of pressure and linear velocity using 75 pm i.d. capillary nano emitter .
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Supplemental Figure 5-14:

3D heat map of the supercritical fluid-nanospray-mass spectrometer (nSF-MS) signal intensity of butyl-, hexyl-, octyl-, and decyl- tertiary amines as a function

of pressure and linear velocity using 25 pm i.d. capillary nano emitter .
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Supplemental Figure $-15:
3D heat map of the supercritical fluid-nanospray-mass spectrometer (nSF-MS) signal intensity of butyl-, hexyl-, octyl-, and decyl- tertiary amines as a function
of pressure and linear velocity using 50 pm i.d. capillary nano emitter .
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Supplemental Figure S-16:

3D heat map of the supercritical fluid-nanospray-mass spectrometer (nSF-MS) signal intensity of butyl-, hexyl-, octyl-, and decyl- tertiary amines as a function
of pressure and linear velocity using 75 pm 1.d. capillary nano emitter
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Supplemental Figure 5-17:
3D heat map of the supercritical fluid-nanospray-mass spectrometer (nSF-MS) signal intensity of butyl-, hexyl-, octyl-, and decyl- quaternary amines as a function
of pressure and linear velocity using 25 pm i.d. capillary nano emitter .
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Supplemental Figure $-18:
3D heat map of the supercritical fluid-nanospray-mass spectrometer (nSF-MS) signal intensity of butyl-, hexyl-, octyl-, and decyl- quaternary amines as a function
of pressure and linear velocity using 50 pm i.d. capillary nano emitter .
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Supplemental Figure $-19:
3D heat map of the supercritical fluid-nanospray-mass spectrometer (nSF-MS) signal intensity of butyl-, hexyl-, octyl-, and decyl- quaternary amines as a function

of pressure and linear velocity using 75 pm i.d. capillary nano emitter .
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Supplemental Figure S-20:

The effect of changing modifier percentage %CH,OH on mobile phase pumps pressure and signal intensity. The change of C, primary, secondary, tertiary, and quaternary amines signal effect
on nSF-MS at 50 °C, 18MPa, 1.0mL/min sCO, using 75 pm i.d. capillary interface. Nanospraying less than 5 % methanol in sCO, gave no MS signal. Increasing the methanol percentage from 5 — 10
% showed a signal intensity increase for all the amines classes. A slight signal intensity drop was found after 10 % methanol. This may be explained by the drastic change in density with the liquid
modifier % increase in the sC0,.*® A linear CO, and CH;OH pump pressure increase was found using 5 - 40 % methanol whereas an exponentially increasing trend was found above 40 %. Exceeding
the modifier above 50 — 66 %, depending on the flow rate, was followed by a density error 3 The excessive pressure difference found between the pumps and the BPR along with the density error
may indicate the SF state loss
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Supplemental Figure S-21:
The methanol additives effect on the nSF-MS signal. Nanospraying 1 pL (50pM) of primary (1% raw), secondary (second raw), and tertiary (3™ raw) was done individually with 90% sCO,

using the 75 pmi.d. capillary interface at 50 °C, 18 MPa. The 10% modifier used was CH,OH spiked with
show the presence of adduct peaks when additives were spiked into the methanol modifier.
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Supplemental Figure S-22:
Linear fit of the octyl amines signal on the dynamic range of 0.1 — 100 pM.
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Supplemental Figure 5-23: O nSF (Split flow)
Comparison of nSF to micro-flow SF (mSF) using a makeup flow as signal intensity of A)1ry B) 2ry C) 3ry D) 4ry [ mSF (makeup flow)
amines using 75 pm i.d. ESI interface.
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Supplemental Figure S-24:

Flagrams of primary amines nanosprayed using A) 25, B) 50, and C) 75 um i.d. interface. E) Overlay of the butylamine FlAgrams showing the difference in spraying time.
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Supplemental Figure $-25: Nanospray ionizing media and emitter tip size effect on MS detection. The MS signal intensity trends of hanospraying 1 JL of each
primary, secondary, tertiary, and quaternary amines individually using A) Organic liquid of 99.9 % methanol and 0.1 % formic acid (nES) and B) Supercritical 90 %
sCO2: 10 %methanol (0.1 % formic acid) using 25, 50, and 75 um i.d. The signal intensity was normalized to 1.16, 3.16, and 6.40 picomoles injected on the 25, 50,
and 75 pm i.d. nano emitters respectively.
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Supplemental Figure S-26:

Flagrams of primary amines nanosprayed using the 25 pm i.d. interface with A) 2000, B) 1000

difference in spraying time.
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Supplemental Figure $-27:

nSF adduct profile as signal intensity of primary amines using A) 25 ym B) 50 pm C) 75 pm i.d. interface at P = 18 MPa, U = 1000:100 pL/min

(10%MeOH (0.01%FAIn sCO,)), Vil = 352 nL/min, 50 °C.
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Supplemental Figure S-28:
nSF adduct profile as signal intensity of secondary amines using A) 25 pm B) 50 pm C) 75 pm i.d. interface at P = 18 MPa, U = 1000:100 pL/min
(10%MeOH (0.01%FAin sCO)), VAl = 352 nL/min, 50 °C.
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Supplemental Figure $-29:
nSF adduct profile as signal intensity of tertiary amines using A) 25 pym B) 50 pm C) 75 pm i.d. interface at P = 18 MPa, U = 1000:100 pL/min
(10%MeOH (0.01%FAin sCO,)), VA = 352 nL/min, 50 OC.
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Supplemental Figure $-30:
nSF adduct profile as signal intensity of quaternary amines using A) 25 ym B) 50 ym €) 75 pm i.d. interface at P = 18 MPa, U = 1000:100 pL/min
(10%MeOH (0.01%FA in sCO,), VAl = 352 nL/min, 50 ©C.
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Supplemental Table T-1:

Normalized, experimental, and averages tip diameters of capillary columns laser-pulled, hydrofluoric acid-itched and imaged

by scanning electron microscope (SEM).

A) Normalized laser method (Heat = 42 msec_, Velocity = 80 msec., Delay = 150 msec_, Pull = 225 msec.).

B) Edited laser method:

1. For 0.50 pm tip on a 25 pm id. - (Heat = 42 msec_, Velocity = 50 msec_, Delay = 150 msec_, Pull = 225 msec ).

2 For0.75 pm tip on a 25 pm i.d. - (Heat = 580 msec., Velocity = 230 msec_, Delay = 235 msec_, Pull =
3. For 1.00 pm tipon a 25 pm i.d. : (Heat = 500 msec., Velocity = 100 msec_, Delay = 150 msec_, Pull =

20 msec.).
200 msec.).

4. For 2.00 ym tip on a 25 pm i.d. : (Heat = 450 msec., Velocity = 50 msec., Delay = 200 msec., Pull = 200 msec.).
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Tatal n&F flow {mL/min] 855 535 s 1020 1105 1150 1275 1360 1445 1530 1615 1m0 imes 15m0 1955 2040 s 210 225 Ben ME5 2550
nSF W [plfmin [ 1 313%=nlit] 0.3 (o] 0313 0326 0354 0381 [ 0435 0462 0.£30 0.517 0544 0571 0538 626 0.653 =] 0.7 0734 076 078 1816
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850 CH30M flow rate (U [ul/'min] 4.5 5 pLriy 150 285 EL) 478 570 BES TE 255 50 Bl 1140 135 1330 1405 1520 1615 1o 1805 1500
Tatal n&F flow {mLfmin] 5957.5 1ME plo-r 1] 1140 1235 1330 1435 1520 1515 pirpli] 1805 1500 1555 i i) 2185 2280 1rs 2470 2565 a0 2755 2850
nSF W [plfmin [ 1 313%=nlit] 0.315 [ExT] (L350 0,365 0.398 L% (L4856 Lass 0517 0527 0578 L0 06 LG5S 0L65S 0.730 0760 0,730 0821 OES1 (L85 091z
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{MaPal 002 pum) ure [psi 3532 a0 sz Iz 756 Y] 3811 3821 EE=E] =50 2830 3505 £l Ecr] 85 A0ES 4108 4142 4251
WCHAOH of Total Flow 5 9 13 17 23 F-) a3 £ 41 44 a7 50 52 55 57 58 B0 62 =] B4 23] &7
SCHIOH of s002 5 n 15 20 £ 40 = B m L aa 100 110 120 1= 1 150 180 17 180 150 o
A CHIOM flow rate () [ul/min] 50 100 150 20 am A0 =0 [ s] 00 an 00 1000 1300 150 1300 1400 1500 1600 170 1800 1500 2000
Tatal n&F flow {mLfmin] 1060 1100 1150 1200 1300 1400 1500 15600 1700 150 1500 2000 s i] ZX0 2500 2800 2500 2600 2700 200 20 3000
nSF W [pl/min) [ 47312%=plit] 0.336 0.352 (1358 0.384 0416 ] (L280 0.512 0544 0575 0608 Ou6al &7 070 0.736 0.7 [ ] 0832 L85 ] O (L.350
Pressure | CH3OH pump pressure [psi) ars0 | s | mno | s | mw | s [ e 3862 2 | mme | omns | oasas | oasse | some | a4tz | ates | a0m3 | ames | ams
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WEHIOH of Total Flow 5 El 13 17 2 Eo) 33 ey 41 44 47 50 52 55 57 58 5]
SCHIOH of s002 5 n 15 20 n 40 = B m L) = 100 110 120 1= 1=
220 | CH30M flow rate (U] [ulfmin] | 625 128 LS ) i 500 525 750 75 1000 1135 1350 1378 1500 1625 1750
Tatal n&F flow (mL/min] 13125 1378 14375 1500 1625 1750 1875 2000 pak.] 250 Fire] 2500 v 2750 2875 3000
nSF WA [pl/min) [ 4F3125<plit] 0.420 0440 250 0480 0,520 0550 L600 60 0.0 0.720 0750 0LB00 0840 L850 0.520 0.560
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WCHAOH of Total Flow L] 9 13 17 3 P a3 k] a1 ad a7 2 57 58
SCHIOH of sC02 5 n 15 20 n 40 = B m Ll = 110 1= 1=
1500 CH30H flow rate (U [ul/min] 75 150 05 300 a5l B0 =0 200 106N 1200 1350 1950 2100
Tatal n&F flow {mL/min] 1575 1650 1725 180 1550 nm 2250 2800 2550 e ZB50 3250 B0
sk W [ fming (3312%=alit) | o504 | pses | ass: | oases | osie | osm | ove [ owee | ome | oses | asw
Pressure | CH3OH pump pressure [psi) 4115 4118 41 4138 4150 Ly 185 215 [l A A5 A5E0
MFal | <02 pump pressure (psi) agss | apes | amms | anr | a13s | 4u40 | 2152 | 4w | am N4 | 4 A8

Supplemental Table T-2:
Mobile phase pumps

pressure change at 16MPa,

50°C using 75um 1.d.
interface as a function of
flow rate and %CH30OH
different sCO, flow rates
nSF-MS.

» Mobile phase changed
from 5%CH,0OH in
sCO, until density
exceed SF state and
instrument stopped at
different flow rates.

+  Blue highlight are
mobile phase pressure
(CH,0H and sCO,)
values.

»  Red highlight where
percentage methanol
gave density ermor.

«  Black highlight where
microSF flow rates
exceeding nanospray.
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Supplemental Table T-3:
MOB 2X/6 311++G(2d,2p) calculated proton affinities of primary, secondary, and
tertiary neutral amines.

Neutral Proton Affinity/ kJ mol!

Butylamine 917.0
Hexylamine 921.5
Octylamine 926.1
Decylamine 932.8
N-methyl Butylamine 9443
N-methyl Hexylamine 948.4
N-methyl Octylamine 957.3
N-methyl Decylamine 955.7
N,N-dimethyl Butylamine 961.8
N,N-dimethyl Hexylamine 965.6
N,N-dimethyl Octylamine 970.3
N,N-dimethyl Decylamine 9728




